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presents  a methodology  enabling  the  weapon- 
system  planner  to  acquire  early  visibility 
of  cost  magnitudes,  proportions,  and  trends 
associated  with  a new  engine's  life  cycle, 
and  to  Identify  "drivers"  that  Increase  cost 
and  can  have  the  effect  of  lowering  capability. 
Later  In  the  life  cycle,  logistics  managers  can 
use  the  methodolog.y  and  the  feedback  It  produces 
for  more  effective  system  management.  The  pro- 
cedure followed  was  to:  develop  a theoretical 
framewrirk  for  each  phase  of  the  life  cycle; 
collect  and  analyze  data  for  each  phase;  de- 
velop parametric  cost-estimating  relatiotohips 
(CERs)  for  each  phase;  use  the  CERs  In  examples 
to  ascertain  behavior  and  ootaln  Insights  Into 
cost  magnitudes,  proportions,  and  trends,  and 
to  Identify  cost-drivers  and  their  effects; 
and  examihe  connwrcJal  experience  for  cost 
data  and  operational  and  maintenance  practices 
that  could  be  profitable  for  the  Air  Force.  . 
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This  report  presents  t!ie  findings  of  u Rirnd  analysis  of  the  life  cycle  of  aircrufl 
turbine  engines.  Application  of  the  methodology  developed  in  the  study  should  aid 
decisionmakers  by  yielding  useful  insights  into  the  life-cycle  process  not  only  for 
engines  but  for  other  aerospace  equipment  as  well.  The  study  was  undertaken  us 
part  of  the  project  "Methods  and  Applications  of  Life-Cycle  Analysis  for  Air  Force 
Systems,"  sponsored  by  Project  AL'l  FORCE  (formerly  Project  RAND)  and  conduct- 
ed initially  within  the  R&D  and  Ac(\jisition  Progi-am  and  later  within  the  Logistics 
Program  at  Rand.  The  work  was  performed  during  1975  and  early  1976  using  data 
current  as  of  1974.  A progress  report  was  widely  briefed  during  1976  and  early 
1977,  followed  by  publication  of  a short  executive  summary:  R-2103/T-AF,  Life- 
Cycle  Analysis  of  Aircraft  Turbine  Engines:  Executive  Summory.  by  J.  R.  Nelson, 
March  1977. 

Expanding  on  earlier  Rand  efforts  in  w'eapon-system  life-cycle  analysis'  and 
aircraft  turbine  engine  state-of-the-art  assessment  and  acquisition  cost  estimation.* 
the  present  study  examines  the  life-cycle  process  for  this  important  subsysten'k  in 
the  hope  that  findings  previously  obtained  at  the  weapon-system  level  can  be 
corroborated  and  policy  issues  clarified. 

The  report  discusses  the  acquisition  and  ownership  phase's  of  the  military 
engine  life-cycle  process,  the  data  available  for  analysis,  and  the  model-tlevelop- 
ment  and  application  results  for  each  phase.  Commercial  life-cycle  practice  is 
reviewed  for  lessons  that  might  be  applicable  to  military  practice.  The  report 
should  be  of  interest  to  offices  at  Hq  USAF,  th«'  Air  Force  Systems  Command,  and 
the  Air  Force  Logistics  Command,  where  quality  and  cost  tradeoffs  during  a weap- 
on-system life  cycle  and  the  efifects  of  such  tradeoffs  on  meeting  a military  mission 
in  an  era  of  increasing  budget  constraints  are  matters  of  close  concern. 


' J,  R.  Nelson  et  ul,.  A Wj-optm  Swleni  l.ife-l\rh  (h'errn  ic;  The  A 7/)  K.xfH’ri<’nir.  The  Rond 
lion.  R- M.W-PR,  OctolxT  1974;  and  M,  R,  FioreUo.  FstimatiMx'  ( Vie  A i'axf  Stini\  oflfn-  A-71). 

The  Rand  Corporation.  R-151S-PR.  February  1975. 

* J,  R.  Nelson  and  F.  S.  Tinison,  RfUiliny.  TVvhna/ofjy  to  Ai^jui.siliori  (Vsls.-  .Ain'rol't  TAirhine  Kri*;irie.s. 
The  Rand  Corporatien,  R-1288-PR.  Marcli  1974. 
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SUMMARY 


This  report  presents  a methodology  for  life-cycle  analysis  of  aircraft  turbine 
engines,  derived  from  the  study  of  historical  data;  the  data  in  some  instances  span 
25  to  30  years,  and  in  others  only  one  or  two  years.  The  report  also  presents 
numerous  findings — some  of  them  surprising — that  emerged  from  study  of  the 
data.  The  findings  suggest  ways  to  augment  and  improve  the  methodology  in  the 
future,  and  some  of  them  should  be  of  immediate  utility  to  the  Air  Force  for 
improving  engine  life-cycle  cost  estimates  and  acquisition  and  ownership  practices. 
The  study’s  governing  objective  is  to  enable  the  weapor.-system  planner  to  acquire 
early  visibility  of  cost  magnitudes,  proportions,  and  trends  associated  with  a new 
engine’s  life  cycle  and  to  identify  "drivers”  that  increase  cost  and  can  have  the 
effect  of  lowering  capability. 

The  study  was  prompted  by  the  fact  that  the  costs  of  acquiring  and  owning 
turbine  engines  have  escalated  steadily  over  the  years  for  both  military  and  com- 
mercial users.  Most  of  the  causes  are  readily  apparent.  Demands  for  higher  overall 
quality — meaning  performance,  primarily,  for  the  military — have  resulted  in  larg- 
er engines  that  produce  greater  thrust,  run  hotter,  are  costlier  to  maintain,  and 
entail  higher  basic  engine  prices.  Material  costs  associated  with  engine  price  have 
also  risen  rapidly  in  the  recent  past;  over  the  long  term,  however,  labor  costs, 
primarily  in  the  manufacturing  sector,  have  risen  proportionately  more  so. 

The  Air  Force  has  long  been  aware  of  these  facts,  generally  speaking;  however, 
one  of  the  major  findings  of  this  study  is  that  engine  ownership  costs  are  much 
greater  than,  and  different  from,  what  anyone  has  previously  realized.  For  exam- 
ple, it  now  appears  that  depot  costs  alone  could  exceed  procurement  costs  for  a new 
engine  with  a 15-year  lifespan  (In  this  study,  all  costs  are  expressed  in  constant 
dollars.  Discounting  may  change  some  findings,  depending  on  the  distribution  of 
cost  outlays  over  the  tii  le  horizon  of  interest  and  the  discount  rate  assumed.) 

The  chief  problem  confronting  this  study,  as  it  has  confronted  past  researchers, 
is  the  lack  of  disaggregated,  homogeneous,  longitudinal  ownership  data  that  are 
specific  to  particular  engine  types,  notably  at  the  Air  Force  base  and  depot  level. 
The  collection  of  such  data  will  be  necessary  for  perfecting  the  methodology,  which 
weapon-system  planners  can  then  use  to  calculate  the  costs  and  benefits  of  a 
proposed  engine  for  a new  aircraft  in  the  early  stages  of  planning  and  selection;  in 
later  phases  of  the  life  cycle,  logistics  managers  can  use  the  methodology  and  the 
feedback  it  produces  for  more  effective  system  management. 

The  procedure  followed  in  this  study  was  to:  \D  develop  a theoretical  frame- 
work for  each  phase  of  the  life  cycle;  (2)  collect  and  analyze  data  for  each  phase; 
(3)  develop  parametric  cost-estimating  relationships  (CERs)  for  each  phase;  (4)  use 
the  CERs  in  examples  to  ascertain  behavior  and  obtain  insights  into  cost  magni- 
tudes, proportions,  and  trends,  and  to  identify  cost-drivers  and  their  effects;  and  (5) 
examine  commercial  experience  for  cost  data  and  operational  and  maintenance 
practices  that  could  be  profitable  for  the  Air  Force. 

— The  CERs  obtained  inHude  engine  characteristics  md  schedule  variables 
known  to  he’imptwtnnt.to  each  phase  of  the  life  cycle.  They  also  include  measures  ^ 
of  the  quality  (benefit  sought)  and  the  itale-ol-the-arl  Sffvance’Tepi'esenter^y  a 
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particular  engine.  In  its  fullest  sense,  quality  embodies  not  only  the  performance 
measures  emphasized  by  the  military,  but  also  durability,  reliability,  maim  nabili- 
ty,  safety,  and  concern  for  environmenUl  effects,  all  of  which  are  important  to  the 
commercial  world.  The  overall  balance  among  quality,  schedule,  and  costs  for  an 
engine  thus  reflects  the  early  planner’s  estimate  of  the  utility  of  the  product  ulti- 
mately delivered  to  the  user. 

For  a new  military  engine  (acquired  and  owned  under  conditions  similar  to 
those  with  the  previous  engines  constituting  the  data  base)  that  will  have  r- 
operational  lifespan  of  15  years,  the  findings  indicate  that; 

• As  mentioned  above,  engine  ownership  costs  are  significantly  larger  than 
and  different  from  those  found  in  previously  published  studies.  For  in- 
stance, engine  depot  and  base  maintenance  costs,  not  including  fuel  and 
attrition,  can  exceed  engine  acquisition  costs.  This  finding  is  true  for  cur- 
rent fighter  and  transport  engines. 

• Depot,  costs  alone  can  exceed  procurement  costs. 

• Component  improvement  programs  (CIP)  conducted  during  the  operation- 
al life  of  an  engine  can  cost  as  much  as  it  did  to  develop  the  engine  to  its 
initial  model  qualihcation.  A difficulty  encountered  in  this  area  has  been 
the  aggregate  nature  of  the  CIP  funds.  Prior  to  1969,  CIP  funding  did  not 
separate  performance  growth  and  additional  engine  applications  from 
correction  of  deficiencies,  reliability  enhancement,  cost  reduction,  and  re- 
pair procedure.‘i.  Consequently,  this  study  has  not  been  able  to  ascertain 
specifically  the  cost  of  some  magnitude  of  reliability  improvement  during 
an  engine’s  maturation.  (The  models  can  be  used,  however,  to  estimate  the 
ownership  cost  reduction  expected  b.v  improving  the  actual  and  rnaximum 
times  between  overhaul.) 

• If  component  improvement  and  whole  spare  engine  procurement  are  con- 
sidered ownership  costs,  then  ownership  currently  constitut«.s  at  least 
two-thirds  of  total  engine  life-cycle  co.st.  This  is  true  for  current  sujiersonic 
fighter  and  subsonic  transport/bomber  engines. 

• Satisfying  results,  in  terms  of  statistical  quality,  theoretical  behavior,  and 
experience  from  past  programs,  were  obtained  from  modeling  perfor- 
mance/schedule/cost relationships  for  the  development  and  production  of 
military  engines;  the  statistics  were  highly  significant  and  the  positive  and 
negative  signs  for  the  variables  occurred  as  one  would  expect  from 
theoretical  considerations  and  actual  experience.  Mixed  but  promis-ng 
results  were  obtained  in  modeling  ownership  costs  for  military  engines. 
Depot  maintenance  costs  were  more  detailed  and  amenable  to  analysis 
than  base  maintenance  costs.  Because  both  the  depot  and  base  models 
were  derived  with  sparse  data,  however,  they  must  be  used  cautiously 
until  better  data  and  thu^i  improved  models  become  available. 

• Application  of  the  models  obtained  in  this  study  indicates  that  there  is  a 
continuing  trend  in  the  direction  of  higher  ownership  costs,  measured  in 
both  absolute  dollars  and  as  a percentage  of  total  life-cycle  costs.  Increas- 
ing depot  cost  is  the  primary  reason  for  this  trend.  The  production  cost  o^ 
the  engine  (and  its  parts)  is  a contributor  to  depot  and  base  support  costs, 
but  so  are  ownership  policies.  To  alter  the  depot  cost  trerd,  the  Air  Force 
will  have  to  depart  signif.cantly  from  its  current  ownership  practices  at 


lM)th  depots  and  bases.  The  study  identiAes  operational  and  support  poli- 
cies and  proctxlures  that  should  be  strongly  supported  in  attempting  to 
break  the  trend.  Recent  efforts  with  the  KltX)  engine  concerning  modular 
design,  on-conditicn  maintenance,  engine  diagnostics,  and  power  managc'- 
r'ent  are  directed  towaixl  counteracting  the  trend  and  merit  vigorous 
support.  But  other  policies  and  prcxedures  l^eyond  the  scope  of' this  study 
are  also  im|X)rtant. 

• Acquisition  and  ownership  ci^ts  for  engines  currently  in  the  Air  ['orce 
inventory  ran  vary  by  an  oixier  of  ntagniiude  between  engine  programs 
and  applications;  these  costs  are  affected  by  the  engine  quality  and  mission 
desired,  the  schedule  imposed  on  new-engine  acquisition,  and  the  operat- 
ing and  support  policies  selected. 

• The  engine  maturation  process  must  be  more  fully  understood  if  improved 
analytical  results  are  to  be  obtained  and  applied  to  new-i>ngine  selection. 
It  takes  ar.  engine  a long  time  to  mature  tccmrr.ercial  experience  indicates 
five  to  seveti  years).  Consequently,  average'  ownerehip  costs  are  signifi- 
cantly higher  during  that  jeeriod  than  mature-engiiee  steady  -state  costs  in 
terms  of  dollars  per  flying  hour,  the  yardstick  most  commonly  used. 

To  take  full  advantage  of  tiie  metluxlology  desc'ribetl  here,  the  study  recom- 
mends that  the  Air  Force: 

• Begin  collecting  and  pre.sereingdisjtggregateil.  homogeneon.s,  longitudinal 
data  at  Iwth  uopots  and  bases,  associateil  with  spt'cific  engine  type's.  Cur- 
rently, eflbrts  have  jui  t begun  to  separate  b»\se  ntaintenance  costs  by 
weapon  system;  and  studies  of  total  depot  costs  tor  engines  do  not  consis- 
tently includ«,  along  with  overhaul  of  whole  engines,  the  cost  of  parts 
repitir  during  overhaul,  the  cost  ofexpt'tidable  parts,  the  full  cost  of  replac- 
ing condemned  reparables,  the  full  cost  of  ?ttiwlification  hardware,  and  the 
repair  of  components  received  directly  fron\  the  field  and  returned  to  tl\e 
field. 

« Use  the  methoilology  in  its  current  form  to  estimate  the  costs  of  future 
engines  dhat  is,  of  any  engines  that  are  acqui'.'eii  in  the  suune  manner  as 
in  the  past),  and  to  measure  how  costs  might  change  if  acquisition  and 
ownership  were  conducted  differently;  amt  uptlate  th.e  methodology  as 
new  data  become  available. 

• Supplement  the  engine  flying  hour  as  the  principal  measure  of  the  costs 
of  ownership  with  other  outputs  such  as  sorties,  takeolfs  and  landings, 
engine  throttle  excursions,  and  calendar  time.  With  the  advent  of  higher 
fuel  costs,  ihe  Air  ''orce  may  elect  to  compress  flying  training  into  fewer 
flying  hours;  if  it  does  so.  the  total  i\jst  of  flying  may  not  nweasarily  show 
a decrease  because  the  cost  of  a sortie  may  remain  the  same  or  even 
increase. 

The  Air  Force  may  also  wish  to  consider  the  following  actions,  for  some  oi'which 
the  rationale  derives  fVom  commercial  experience: 

• Expand  the  awareness  of'  whai.  is  entailed  for  the  nwdul.ir  approach  to 
engine  design,  which  is  already  common  in  some  commercial  engines  and 
is  beginning  to  appear  in  miliUiry  engines.  Modular  design  apparently 


viii 


oxjHHiiit's and  lowers*! ho iwl  ot'maintonanoo.  h.»t  m^vuioavorlavn  aotinns 
which,  il’not  aci''>inpliHluHi.i'anno>5atoat  loaat  in  part  soinool'lhoospoctoil 
iH'notita. 

• Monitor  tUll-tlovttlo  oxcvtraions;  ocon  a nontina)  mlviction  in  Ixot-tnoc 
n»a,v  *ti^i\itK'anvly  itnpiwo  jxirts  lilo  Tho  KltH)  oi\>{itu'  on  tl\o  K lft  has  an 
oxou»*!»ion  untntor,  hut  it  is  .u>t  yot  working;  very  well;  tho  now  Kn^mo 
l>iii»;n>vstio  System  tor  tho  KUH)  oouW  ho  oxtromoly  Inatotioial 

• SupjHWt  ort'orts  to  movo  n\o«x>  in  tho  dirwtion  i:t'  oommoivial  stylo  oiv 
condition  jnaintonanco.  it\  an  attempt  to  extend  tho  intervals  tor  average 
time  iH'twtH'i'.  overhaul  t.\TBOi  and  dotormino  tlio  appropriate  Wi>rk  to  he 
done  wlien  an  engine  is  ix'turiUHi  to  tho  de|mt.  Such  a nmve  must  l>e 
tojupered  hy  .Vir  Kuve  policy  and  .-Vir  Korn*  oxtHo  ienci' 

• OatvfVdly  detine  "quality”  and  ctvsts  in  tho  early  plutses  ot' weapon  system 
planning.  IVrt'ormance  nxay  well  wntimie  to  Iw  the  dominant  aspect  I't' 
quality  tor  the  militarv;  hut  planners  should  he  ahlo  t»'  answex'  sxich  ques 
tions  as,  for  example,  whether  tho  aiix'ratl's  ixxis.siot\  nxakes  it  worth  it  to 
strive  for  an  extra  inewment  of  enjiine  jH'rfonxiance  if  the  penalty  may  he 
>;reater  downtinxe  and  additional  s|xaiY  enniue  and  parts  procurement, 
and  thus  hi>;hor  overall  acquisition  and  ownership  emsts.  While  the  tech 
nique  presented  in  the  study  is  applicahle  at  the  en^tine  subsystem  level, 
tinal  desi^tn  decisions  must  he  ivlatial  to  the  enjjine's  impact  on  the  system, 
wheiYin  other  amsiderations  such  as  mis,sion  etfectiveness,  attrition,  tViel 
vHmsumption,  and  aiivratl  and  installation  design  characteri.stics  must  he 
weigluHl  and  given  pwtmr  recognition. 

When  impmvtHi  and  liacktHi  up  with  pnqH'r  data,  the  methodology  pri'senti'vl 
heix'  should  supply  valuahle  information  with  which  the  initial  tradeolVs  t'm'  the 
engine  can  is'  evahiatt'd. 
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ATBO  - 
GIF  = 

CPUS?  = 

DMQTC  = 
DEVTIME  = 

EFH  = 
EPHC  = 
EFHR  = 
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CHAPTER  1 
INTRODUCTION 


For  Kv  fcHou'  in  fHirt,  timi  nr  prophruy  in  fhirt.  - 
i Cor,  ia;9 


Ovor  llu*  p«Ht  decudr,  the  Deptirtiuont  ol'Dotoiwo  hns  placed  iiu'ix>a!*inj;  oiopha- 
xia  t>n  underataudiiv  and  atueoainK  act}uiaition  atratOKtea  ainl  ciwt  (‘onrtidt'ratioi\a 
in  the  deveiopn\ent  and  pim'ureinent  of  new  wea|H)n  ayateins.  In  the  preaont  ei-a 
of  hudyet  con«tra;ii.«.  and  with  an  incrtniaini;  ahare  of  the  Dol)  (uidKet  devoted  to 
operating  and  aupporling  l'\nx»a  in  being,  it  haa  laronie  even  moiv  important  to  he 
able  to  measure  the  contribution  of  Inuh  new  and  existing  weapon  ayatema  to  the 
overall  defenat*  poaturt^that  is,  their  iHMietita  I'elative  to  their  coats. 

It  is  important  to  link  pixHiuct  co.at  to  pixHluct  Umefita  to  he  able  to  address  the 
question:  the  coat  of  what''  This  is  the  olyective  of  life-cycle  analysis.  Koi‘  instance, 
the  coat  per  unit  of  etl'ectiveneaa  for  a new  weapon  system  can  Im  reduci'd  hy  either 
lowering  coat  or  incivaaing  ed'ectiveneaa,  or  by  doing  both.  Aggregation  ol'  coat 
ligurea  alone  ia  i\ol  enough;  the  key  ia  to  understand  total  life-cyU'  coat  in  tmioa  ot' 
its  l\ill  magnitude,  distribution  among  cost  elements,  and  tivnds  over  time  rela  ^-e 
to  the  iH'nelits  to  Ih'  obtaiiuHl.  to  Ih'  obtaineii. 

Dol)  otticials  have  lHH>n  conceriwni  that,  if  current  budgtM  and  coat  irenda  con- 
tinue, forcea  may  not  U'  able  to  nuHlernize  etfective'y  or  maintain  ctfective  peace- 
time training  and  readiness  o|M'rationa;  that  would  degrade  our  war-lighting  capa- 
hility.  This  study  is  concenuHl  with  undet'standing  li'c  maintenance  of  a wartime 
capahibty  in  a tieacetime  environment,  during  which  it  can  be  ditlicult  to  justilV 
what  ap|H*ar  to  be  large  defense  budgets;  the  tenor  of  the  times  calls  for  carel\il  cost 
allocation  to  maintain  a balaoct>  Indween  curmit  operations  and  modernization  It 
also  appears  that,  historically,  it  is  in  iH>acetime  that  o(H«rations  and  supjjort  budg- 
ets become  large  ivlative  to  acquisition  budgi'ts;  and  in'cause  weapon  systems 
remain  in  the  inventory  longer  during  twacetime,  operations  and  support  account 
for  a larger  (mrtion  of  the  total  life-t'ycle  cost. 

t'onsequently,  alien' ion  has  iwently  fwused  on  attempts  to  understand  and 
predict  total  lite-cycle  costs  for  new  weapon  systems  and  important  subsystems, 
including  aiivrart  turbine  engines.  Costs  include  not  only  those  ot' acquisition  tdevt> 
lopment  and  procuivment)  of  a new  weaiHin  system,  but  also  ail  the  costs  of  opi'iat 
ing  and  supjmrting  the  system  in  the  field  during  its  inventory  lit'etime  The  latter 
costs,  for  Unth  existing  and  propostni  wea]M>n  systems,  must  Iw  moie  cUuirly  und<'r 
stood  to  make  eft'wtive  tradwtlk  during  new  developments  and  prrH'uremcnts, 
Thesi'  costs  aiv  now  a fVuitt\»l  area  for  investigation.  The  mam  ditliculty  contront 
ing  this  study,  as  it  has  cootVonUni  prt*vious  r-*.seaiThei‘s,  is  the  unavailability  of 
disaggregated.  homogeiUHius.  longitudinal  data  assiwiated  with  specific  engine 
tyjH's,  'virticularly  at  the  Air  Foive  base  and  depot  level,  The  data  that  art'  available 
are  largely  aggi'egattHi,  hetertigeneous.  and  cross-«H'tional.  covering  short  periotts 
ot'  time;  and  comineix'ial  contractors  are  undei'standabix  reluctant  tti  otf»*r  tVe«' 
access  io  certain  proprietary  ctwt  information. 
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OBJECTIVE  OF  THE  STUDY 

This  study  of  the  life-cycle  analysis  of  aircraft  turbine  engines  has  a two-fold 
objective:  (1)  to  develop  a methodology  for  assessing  life-cycle  benetitf  and  costs; 
and  (2)  tc  apply  that  methodology  to  improve  understanding  of  policy  options  for 
engine  acquisition  and  ownership. 

The  problem  addressed  is  the  weapon-system  planner’s  lack  of  detailed  infor- 
mation and  a methodology  to  enable  him  to  make  early  decisions  concerning  the 
selection  of  a new  engine  within  a life-cycle  context.  Accordingly,  this  report 
presents  information  and  a methodology  for  life-cycle  analysis,  derived  from  the 
study  of  historical  data  on  military  and  commercial  engines,  to  provide  a weapon- 
system  planner  an  early  analytical  perspective.  This  methodology,  when  backed  up 
witii  appropriate  data  collection,  should  equip  the  weapon-system  planner  with 
improved  early  visibility  of  the  magnitudes,  pkoportions,  and  trends  of  costs  as- 
sociated with  the  various  phases  of  an  engine’s  life  cycle.  Ho  should  then  be  able 
to  identify  influential  parameters  that  drive  costs  and  exert  leverages  between 
life-cycle  phases,  and  thus  be  able  to  assess  tradeoffs  among  quality,  schedule,  and 
cost  in  the  search  for  policies  appropiiate  to  the  various  phases  of  a new  engine's 
life  cycle.  The  expected  magnitude  and  proporiion  of  ownei'ship  costs  relative  to 
total  life-cycle  costs  has  a direct  bearing  on  early  decisions.'  If  early  policy  decisions 
cannot  affect  a large  part  of  the  ownership  costs  later  on,  then  there  is  little  need 
to  worry  about  such  decisions.  The  planner  may  still  want  to  spend  additional 
money  on  development  and  on  c -mponent  improvement,  so  as  to  enhance  the 
component’s  performance  and  reliability  in  the  weapon  system  and  thus  increase 
operational  capability.  But  concern  about  operations  and  support  cost,  if  this  is  the 
relevant  environment,  would  certainly  be  secondary,  even  from  the  outset  of  early 
planning. 

The  methodology  ran  also  serve  as  a control  or  feedback  mechanism  as  the  new 
system  is  developed,  procured,  and  placed  in  operational  service;  the  planner  can 
use  the  information  it  provides  to  measure  results  obtained  and  use  those  results 
in  estimating  benefits  and  costs  for  the  next  system. 

The  major  concern  in  this  study,  tnen,  is  to  illuminate  the  entire  life-cycle 
process  for  military  aircraft  turbine  engines  in  terms  of  ovendl  benefits  and  coats 
and  their  interactions.  Commercial  experience  is  also  investigated  to  identify  prac- 
tices that  the  military  might  profitably  adopt 

Several  broad  questions  will  be  addressed: 

1.  What  are  the  magnituuos  of  life-cycle  costs  for  the  various  kinds  of  aircraft 
turbine  engines? 

2.  What  are  the  cost  elements  aud  their  distribution? 

3.  How  have  these  elements’  distributions  changed  over  time? 

4.  Are  costs  driven  by  certain  key  parameters  and  can  they  i ' separated 
from  other  parameters  to  measure  individual  effects? 

5.  Are  there  interrelationships  or  tradeoffs  between  phases  of  the  product’s 
life  or  between  characteristics  of  the  product? 

6.  To  what  degree  do  policies  and  organizational  behavior  affect  costs?  Can 
relevant  experience  be  obtained  from  study  of  commercial  practices? 

' Hpe  App,  A for  one  aerospace  inanufaeturer's  vievpoint  on  wlien,  in  the  life  cycle  of  a new  weapon 
system,  major  influence  is  exerteil  on  co.st8. 
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Af  least  partial  answers  are  sought  in  this  study  throu^th  the  use  of  analytical 
technuiues  applied  to  available  data.  The  procedure  followed  was  to;  (1)  develop  a 
theoretical  framework  for  each  phase  of  the  life  cycle,  one  feature  of  which  was  use 
of  a technique  for  assessing  the  state-of-the  art  advanc.?  represented  by  a new 
engine:  (2)  collect  and  analyze  data  for  each  phase;  (3)  develop  and  test  parantetric 
cost-estimating  relationships  (CERs)  for  each  phase;  (4)  use  the  CERs  in  examples 
to  ascertain  behavior  and  obtain  insights  into  cost  magnitudes,  proportions,  and 
trends*  and  to  identify  cost-drivers  and  their  effects;  and  (5)  examine  contmei-cial 
prac'ice  for  cost  data  and  operational  and  maintenance  practices  that  might  be 
p»-ofitable  for  the  Air  Force. 

To  the  extent  that  this  research  is  successful,  it  will  piovide  .system  plannei's 
with  a set  of  abstracted  and  generalized  results  to  aid  in  policy  formulation  for 
future  system  • in  particular,  an  important  outcome  would  Ih?  techniques  to  predict 
life-cycle  benefits  and  costs,  including  the  tradeoffs  that  may  be  imtde  across  life- 
cycle  phases  and  system  characteristics. 


BACKGROUND 

Aircrafl  turbine  eitgines  are  a particularly  promising  subject  for  study  because; 
tl)  They  are  extremely  important  in  weapon-system  applications;  (2)  they  are  felt 
tt)  be  the  pacing  subsystem  in  aircrafl  weapon-system  developnient;  (31  they  repi  e- 
sent  a large  ittventory  and  budgetary  expense;  (4)  their  30-year  history  of  continu- 
itig  technological  improvement  furnishes  a sizeable  (though  fragntetuary)  data 
base  for  analysis;  and  (5)  they  could  provide  insights,  from  a subsystem  viewpoint, 
across  the  life-cycle  spectrum,  that  may  be  readily  applicable  to  the  weapon-system 
lev<‘l.  The  subject  also  has  an  immediate  practical  urgency:  Engities  are  a topic  of 
considerable  interest  today  because  of  problems  arising  in  the  operational  invento- 
ry with  aircrafl  grounded  owing  to  engine-related  problems. 

Previous  Rand  studies  have  dealt  with  aircraft  turbine  engines,  atid  some  of 
Rand’s  engine  cost-estimating  work  goes  hack  over  a decade.  More  recently,  tins 
re.search  has  turned  to  the  problem  of  measuring  the  statt  of  the  art  in  t urbine 
engines  and  relating  this  measure  to  development  and  procurement  costs  in  an 
attempt  to  evaluate  tradeoffs  in  performance,  schedule,  and  costl  1 1.  That  met  hodol- 
ogy will  be  investigated  in  this  study  for  possible  extension  to  ownership  cost,  to 
assist  in  providing  an  overall  methodology  for  estimating  ’otal  life-cycle  cost. 


RESULTS  OF  PREVIOUS  STUDIES 

Many  past  studies  have  attempted  to  shed  light  on  the  engine  life-cycle  process, 
and  current  studies  within  the  Air  F’orce  and  the  DoD  comnntnity  are  extensively 
iitvolved  in  life-cycle  cost  estimates.  The  central  questioit  is.  How  much  does  it  coat 
to  acquire  and  own  a new  military  engine  over  its  life  cycle?  No  previous  study  has 
been  able  to  answer  that  question  fully.  The  two  major  problems  involved  are 


’ t'so  ol'tiax  ii-,\plios  tluU  the  (Utuiv  will  Ih-Iwvo  like  the  |)«st;  eonse^iuentlj . the  results 

here  apply  to  a "will  cost"  context  rather  than  a "shouUt-eost"  context.  "ShouKI  cost"  implies  chant;m^ 
the  .structure  ami  iH'havior  of  the  current  institutional  arranjtement,  "Will-cost"  entails  the  danger  of 
U'inj;  a s(>lf-t\iltillin)t  prophecy. 
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obviously:  (li  accurately  measuring  what  has  already  taken  place;  and  (2)  using 
such  information  to  predict  the  future. 

The  most  recent  studies  examined  have  been  more  qualitative  than  quantita- 
tive, or  for  the  most  part  have  addressed  only  a portion  of  the  life  cycle.®  Some 
previous  studies  have  attempted  to  quantify  operating  end  suppoi  t costs  and  total 
life-cycle  costs  for  epecific  engines,  but  no  study  to  date  has  clearly  and  consistently 
denned  all  of  the  relevant  coat  elements  and  obtained  their  associated  actual  costs 
for  any  ongoing  engine  program.  Furthermore,  no  methodology  has  been  provided 
for  predicting  costs  for  new  engines  over  the  entire  life  cycle.  The  lack  of  data  is 
the  persistent  obstacle  in  the  path.  For  existing  engines  in  the  USAF  inventory, 
studies  of  operating  and  support  costs  have  been  performed  with  cross-sectional 
data;  in  most  cases,  they  cover  only  a single  fiscal  year  or  even  less.  For  a new 
engpne,  the  procedure  has  been  tu  select  a closely  similar  existing  engine  and  use 
modified  cross-sectional  data  from  that  engine's  current  experience  (usually  at 
steady-state  conditions)  in  an  attempt  to  project  operating  coo;^  over  the  proposed 
engine’s  entire  life  cycle.  The  combined  lack  of  disaggregated,  homogeneous,  lon- 
gitudinal data  and  of  a reliable  methodology  for  projecting  detailed  cost  estimates 
over  a new  engine's  life  cycle  have  frustrated  attempts  to  estimate  life-cycie  costs. 
Furthermore,  none  of  these  previous  studies  have  attempted  quantitative  calcula- 
tions of  the  effect  of  state-of-the-art  advances  on  life-cycle  costs. 

All  these  difficulties  have  led  earlier  studies  into  the  erroneous  conclusion  that 
engine  base  and  depot  maintenance  costs  are  a relatively  minor  fraction  of  total 
life-cycle  costs  for  an  engine — as  little  as  one-tenth  to  onefifth,  with  the  range  being 
affected  by  whether  or  not  fbel  consumption  attributed  to  a mission  was  considered 
within  the  total  cost  estimate. 

These  earlier  studies  suffered  from  the  difficulty  of  defining  the  cost  elements 
associated  with  each  of  the  phases  of  the  life  cycle,  and  ascertaining  whether  these 
cost  elements  were  consistent  over  time  and  whether  all  relevant  cost  elements 
were  indeed  included,  their  results  further  depended  heavily  on  the  data  sources 
and  assumptions  they  employed.  For  instance,  hourly  labor  rates  used  to  estimate 
base  and  depot  labor  costs  will  vary  markedly,  depending  on  the  extent  to  which 
the  direct  labor  cost  is  burdened  by  applying  appropriate  overhead  charges.  Many 
studies  have  omitted  significant  portions  of  the  direct  labor-hour  cost  burden.  An- 
other difficulty  lies  in  assuming  that  cross-sectional  operating  and  support  costs  are 
average  costs  sustained  over  the  entire  life  cycle.  The  cross-section  is  likely  to  have 
been  taken  either  during  the  steady  state  of  a mature  engine  or  during  its  imma- 
ture dynamic  state;  since  neither  state  is  "average,"  a cross-section  can  seriously 
distort  the  estimate  either  up  or  down. 

Previous  studies  have  estimated  engine  ownership  costs  in  a range  of  $20  to 
$200  per  engine  flying  hour.  Recent  data  obtained  for  this  study  indicate  that  costs 
can  be  several  times  higher  (even  after  ac^justing  for  inflation)  for  the  newer, 
high-technology  engines  for  comparable  mission  objectives.  It  is  possible  that  some 
previous  cost  figures  were  valid  for  earlier  weapon  systems  at  specific  points  in 
time,  but  current  systems  are  tending  toward  considerably  high  jr  average  operat- 
ing and  support  costs,  and  ftiture  systems  threaten  to  be  even  more  costly  if  no 

’ Studies  by  ARINC,  LMI,  JLC  Panel,  NASA.  GAO.  SAB,  and  most  recently,  PMR/HQUSAF,  prem-nt 
some  data  but  no  cost-estimating  methodology.  The  PMR  study  provides  brief  summaries  of  n\ust  of  the 
other  major  studies.  (See  Refs.  2-fl.) 
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actions  are  taken  to  change  the  direction  of  this  trend.  Relying  on  older  engine 
steady-atate  costs  to  directly  reflect  new  engine  average  costs  over  a 16-year  time- 
span  can  seriously  underestimate  fUture  costs. 


OirrUNE  OF  THE  STUDY 

This  study  examines  the  magnitudes,  proportions,  and  trends  of  costs  for  ac- 
quiring and  owning  a new  aircraft  turbine  engine  and  highlights  the  parameters 
driving  these  costa  for  the  benefits  sought  It  provides  an  overall  life-cycle  method- 
ology that  incorporates  the  effect  of  state-of-the-art  advances  required  for  new 
engines.  Chapter  2 discusses  the  objectives,  definitions,  and  data  requirements  for 
life-cycle  analysis.  Chapter  3 presents  the  results  of  the  life-cycle  analysis  for  mili- 
tary engines  Chapter  4 discusses  applicable  commercial  experience.  Conclusions 
and  recommendations  are  presented  in  Chop.  5. 


Chapter  2 

LIFE-CYCLE  ANALYSIS 


Tho  lit’o-ovcltf  analysis  of  a new  wea^Kin  systen\  must  Ih'  based  on  an  nndei'stantl- 
inp  of  all  phases  of  the  life-cycle  process,  Iwth  sepju'ately  and  as  they  interact.  They 
include  concept  formulation,  validation,  development,  pj'ocuivment,  deployitumt. 
operational  use.  and  disposid.  The  life-cycle  process  extends  over  two  to  thive 
decades,  depending  ujwn  the  quality  originally  si>ught  and  the  quc.lity  ohtaintHl.  the 
length  of  time  spent  in  each  phase,  and  the  importance  of  the  system  in  the  invento- 
I'y,  The  civation  of  a weapon  system  itwolves  many  organizations  withiti  the  (Gov- 
ernment. military  service,  and  private  industry.  While  life-cycle  analysis  mvist  Ih‘ 
sensitive  to  institutional  practices,  the  central  concern  of  this  study  i>s  to  develop 
a methodology  tiiat  cati  Ih‘  applied  to  benefit  cost  tradeoffs. 


DEFINITIONS  AND  QUANTITATIVE  MEASUREMENT  OF 
BENEFITS  AND  COS'D;} 

It  is  often  extremely  difficult  to  evaluate  quantitatively  the  benefits  to  Ih>  gained 
from  a new  weapon  system.  For  example,  the  new  system  may  incorporate  a 
technical  characteristic  that  appears  to  provide  a marginal  improvement  at  best 
over  a previous  system,  but  in  reality  creates  a significant  combat  advantage—  but 
how  is  that  advantage  to  be  nu*asured?  In  the  commercial  arena,  tlie  bottom  line 
is  profit  earned  for  the  service  pixn-idetf  twhere  safety  is  one  implied  part  of  ser- 
vice). but  it  is  far  fVom  easy  to  assign  a dollar-equivalent  to  the  benefits  a weapon 
system  pnHiuces  in  a wartime  environment.  In  attempting  benefit  and  cost  assess- 
ments for  engines,  it  must  also  Ih*  m'ognizeil  that  analysis  at  the  subsystem  level 
must  ultimately  Iw  ivlated  Imck  to  the  system;  engine  output  must  be  measured  in 
terms  of  its  contribution  to  the  weapon  system.  The  true  measures  are  the  engine’s 
impact  on  weapon-system  availability  and  utilization,  mission  reliability,  effective- 
ness, mobility,  and  Inventory  life.  Such  measuivsare  lieyond  the  scope  of  this  study, 
which  confines  its  measure  of  output  to  the  subsystem  level.  It  is  the  task  of  the 
weapon-systems  plannei'  to  transform  the  output  nieasures  dealt  with  in  this  stvuly 
into  the  ultimate  value  of  the  system;  the  metlHxlology  presented  here  should 
enable  him  to  do  so  w’ith  more  confidence  than  has  heivtofore  been  jmssible. 


DEFINING  BENEFrr  MEASURES  FOR  AIRCRAFT  TURBINE 
ENGINES 

The  ain'raft  turbine  engine  has  Iwen  characterized  as  oi  of  the  highly  signifi- 
cant inventions  of  the  twentieth  century.  Certainly,  no  one  can  deny  the  tivmen- 
dous  imjKntance  of  the  changes  its  military  and  commercial  applications  have 
wrought  on  our  history  and  the  way  we  live.  But  in  this  era  everything  comes  with 
a price-tag.  It  has  Iwen  said,  somewhat  wrily.  that  the  only  trouble  with  a turbine 
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t'ngine  is  that  it  weiiihs  something,  it  ttulps  luel.  it  takes  up  space,  it  creates  drag, 
■ aud  it  breaks  now  and  then.  Like  ail  other  invention.^,  it  has  its  iK'netits,  and  it  tuts 

I its  costs. 

[ Benefit  measures  for  an  engine  hinge  on  its  design,  liov;  it  is  used,  and  l>ow  it 

I affects  weapon-system  quality. 

I Quality  is  an  extremely  complex  measut'e  that  defies  alvsolute  quantification  in 

I a military  context.  For  an  engine,  it  embraces  the  sum  of  the  'haracteristics  it  is 

to  contribute  to  a new  weapon  system  vperformance.  durability,  reliability,  main- 
tainability, sidety),  juf»t  as  life-4'ycle  cost  is  the  sum  of  all  cost  olentents.  However, 
military  quality  is  jMtn  ly  a subjective  mutter,  more  difficult  to  assess  than  cost.  How 
much  is  an  extra  50  ntiles  per  hour  worth  to  a lighter  aircrali?  Whtit  is  it  worth 
to  have  the  aircraft  available  ntore  frequently?  In  the  weapon  system  context,  it 
is  possible— and  necessary— to  arrive  at  rational  dollar  figures  for  the  answers,  but 
subjective  judgment  will  always  enter  the  calculations. 

In  a life-cycle  analysis,  we  seek  to  clarify,  at  least  in  part,  the  tradeoffs  among 
product  quality,  schedule,  and  total  cost.  When  one  characteristic  of  an  engine  is 
changed,  other  characteristics  are  affected.  Siwv  quality  i.sa  conihiMcJfiori  of  nuiny 
tfiiMg.s,  it  i.s  not  ccrfdin  that  ua  iaiproi’cmcnt  in  one  chnrocteris.'ie  of  quality  ne<t\s- 
aarily  h'aih  to  an  overall  improvement  in  quality  for  the  end  u.se  demred.  For 
instance,  if  performance  is  increased  to  the  detrimeitt  of'  reliability,  it  is  not  clear 
that  overall  quality  is  improved.  In  this  study,  quality  is  considered  closely  synony- 
mous with  performance  in  a military  context,  and  engine  performance  charactei- 
istics  are  related  to  the  state  of  the  art  to  assess  their  schedule  and  cost  impacts 
itt  selecting  a new  engine. 

For  military  systems,  quality  has  primarily  n.c.utt  performance,  with  other 
characteristics  considered  secondary.  The  goal  CvMnmonly  has  been  obtain  thrust 
at  a minimum  fuel  consumption,  weight,  and  insUdled  volume,  but  other  character- 
istics should  be  considered.  (Commercial  practice  emphasi/.es  siifety,  reliability, 
and  cost.)  Durability  and  reliability  are  so  closely  related  that  they  are  somewhat 
difficult  to  distill}  itish;  tut  durability  can  be  related  to  design  life,  the  engine’s 
continuing  ability  to  perform  the  mission  in  the  aircraft  during  its  inventory  life- 
time. This  may  entail  consideration  of  several  system  output  measures:  flying 
hours,  sorties,  takeoffs  and  landings  engine  cycles  (throttle  movement),  and  calen- 
dar time.  Reliability  can  be  expressed  as  ‘he  ergine's  ability  to  lie  ready  to  go  i>n 
any  given  mission  and  to  perform  it  successfully.  Measures  of  interest  are  encfine 
removal  rates.  mi;.sion  aborts,  ana  ti  ne  between  si'heduled  base  maintenance  ami 
depot  r?pair  visits.  Maintainability  is  the  ease  with  which  the  aii'crafl/engine 
combination  can  be  maintained  in  the  field.  Safety  can  include  design  features  that 
may  appear  to  detract  ftxmi  performance — for  example,  designing  engine*  casings 
so  blades  cannot  go  tiirough  them  if  they  separate  from  the  rotor.  Such  a feature 
increases  engine  weight  but  re- luces  t'ne  chance  of  sub,stantiai  airframe  damage. 
Environment  onpacts  include  noist'  ind  >-.nioke.  wivch  can  be  miuced  at  some 
penalty  to  engine  performance 

The  most  widely  used  output  measure  of  oi-»nership  cost  for  a given  engine  is 
(XKst  per  engine  /lying  hour.  In  the  future,  however,  other  measures  may  become 
more  s'elevant.  With  the  adve...  of  the  high  cost  of  fuel,  flying  training  may  be 
accomplished  in  fewer  flying  hours.  But  pilots  can  make  fbller  use  of  these  flying 
hours  so  as  not  to  cut  down  on  critical  portions  of  their  training.  Thus,  in  the  future. 
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flying  hours  oiny  docn'iine.  but  not  tho  tuunbor  of  sortios.  «iut  lunflings,  nmi 

ongino  cycles:  if  so,  cost  twr  flying  hout  may  not  l>e  iu>  appivpriate  ineasuiv.  Tlu' 
ctwt  of  maintaining  the  engine  inventory  may  mn  ihHmis<‘  even  tiunigh  there  is 
a dwrease  in  flying  hours  and  (\iel  cost.  This  is  especially  true  if  maintenance  ».■> 
stnffevl  to  handle  jreak  worklosji*'il!^’«i'fin'e.  Another  measure  is  calendar  time 
The  longT'r  an  engine  is  out  in  the  neW-ivi^out  nuvior  defwt  I't'work.  the  aiorv 
opportunity’  it  has  to  undergo  corrosive  and  secfinduiA'  damage*.  Whetr  it  diy*s  flmdly 
n‘turn  to  the  depot,  the  danaige  may  ht'  more  extensivVrhminright  Ih*  ex|HH'ted  on 
the  basis  of  flying  hours  alone.  ' 

Although  this  study  will  primarily  ust'  engine  /snfornioruv  charactenwiesjo 
n,'hue  to  state-of-the-rrrt  and  life-cycle  costs,  and  the  engine  flying  hour  as  an  output 
nreasure  for  ownership  costs,  tbture  data  crdaH'tion  etforts  should  enetnnpass  other 
lienefit  measure’^— notably,  sorties,  takwils  and  landiitgs,  engine  throttle  excu- 
sions,  and  calendar  time. 


DEFINING  UFE-CYCIJ:  COST  ELEMENTS^ 

The  lifen-ycle  I'O.st  of  an  aiit'raft  turbine  engine  is  the  sum  of  all  eUnnents  of 
aatuisition  and  ownership  costs.  To  enable  eflective  tradeotf  dwisions.  iletaiUni 
definitions  of  those  elements  art'  necessary,  jrarticularly  in  terars  of  what  Ivlongs 
under  acttuisition  cost  and  what  belongs  under  ownership  ct>st.  Table  2.1  lists  tluwe 
elements  as  they  are  umi  in  this  study.  Thert'  a«v  thit'e  cohunns  in  the  table: 
engitu'  acquisition  cixsts,  coinprisiiig  the  RDT&E  and  pixtcurenu'nt  tHU'tions  of  the 
acquisition  phase  involving  design,  development,  test,  manufactuiv.  and  delivery 
to  the  field:  t21  engine  owtiershtp  costs,  comprising  otx'rating  atui  supjH'  ' man-.te- 
naitce  costs  for  alt  luise  and  depot  activities:  and  tfll  weapoi^-system-ivlat*  cr»sts  for 
fuel  and  for  attritioti  due  to  accidents  and  catasUvphic  faihuvs. 

Certain  cost  elements  appear  unde’r  both  "acquisition"  and  "ownership"  as.  for 
instan«'e,  ECP^ntod  'retrofit  costs.  In  one  situation,  they  can  Ih'  in  the  "acquisition" 
column  because  they  at\'  associateii  with  enhancement  of  perfortnance  or  a change' 
in  mtuiremenv  that  should  Ih'  attributed  to  acquisition.  In  another  situation,  they 
can  be  asstKiatini  with  changes  for  wrrection  of  a deficiency  ami  impwveinent  i>f 
reliability  and  thu?  are  attributable  to  ownership.  Other  c»>sts  aptx'aring  in  Ixrth 
columns  include  AOE  tcommon  and  peculiar'.  tnmsjH>rtation.  numagt'ment.  and 
training.  Theat»  c«»t  elements  art*  not  usually  large  in  either  ua^uisition  or  ow’iu'r- 
ship  ton  the-job  training  is  significant,  hut  difficult  to  st'fwrate  Oxun  all  other 
maintenance  labor  awts  at  the  tu»ae  or  deptrt:  ulsrr,  initial  mruitnrent  training  is 
not  considered  Viere).  Factlities  are  usually  a one-time  expendii.iu'e  and  vary  widely 
fhom  ppog^am  to  program.  They  are  included  in  the  definition,  but  will  not  Ih' 
consideretl  farther  in  this  study.  With  the  increasing  conrplexity  of'  new  weatxm 
systems,  peculiar  support  equipment  may  become  incix'asingly  costly,  luirticularly 
if  it  is  considered  to  include  software  design  and  development  as  well  as  bartlwajt'. 
and  if  simulators  and  diagnostic  systems  are  regarded  as  support  etiuitiment.  This 

’ In  thin  study,  nil  oiwts  itw  in  cvtnst.int  dullurs  l)iMXnu\t\nt:  u\«y  vhitmn-  sumo  <>!'  tlu- 

tiitdings  prvuented  in  Chnp.  S,  dtpendiin  on  tiiv  distribution  otwHit  outlnys  ovor  tbi'  tuno  liorison  v>l' 
intor»>st  and  Uu*  diswunt  rnto  Assuiiml. 
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iihouUl  Ih'  oonsiiienHl  in  t\itmv  systems.  ptmicuUtrly  it'ongino  l>onUl\  ntoniloring 
iHH'omes  an  incrensinsly  important  factor  in  the  desijtn  ol'itew  t»n»jitu‘s, 

KttKine  attrition  and  fuel  are  classiHeti  as  weaptm-system-ivUited  iHH'ause  these 
c«.)st  elements  depend  primarily  on  the  desipt  «nd  ust‘  of  tlu*  particular  weaptm 
system.  (Fi-el  consumption  is  a tVmction  not  only  ofeufiine  design  hut  also  of  mission 
ust‘;  attrition  rates  depend  on  single^mgine  vei-sus  multi-t'ngine  application  as  well 
as  other  featui'es.) 


AIRCRAFT  TURBINE  ENGINE  DATA* 

Resr'aixhers  attempting  a lifcH'.vcle  study  of  a weatHm  system  constantly  run 
up  aptinst  the  same  olwtacle:  obtaining  all  the  ixdevant  data  reoviiivd  The  pn>hlem 
is  much  like  trying  to  put  top'ther  a jigsaw  puzzle  when  some  of  tlie  pitn'es  aiv 
missing  and  other  pieces  st'em  to  have  wandertHi  in  livm  another  similar  pu/zle. 
Not  only  must  the  I'esearcher  comb  thrvnigh  a larp*  numln'r  of  data  systems,  but 
then*  is  the  additional  problem  of  inconsistency  of  data  sounes  — two  difVeivnt  data 
systems  not  apvt'ing  when  IxRh  supposedly  use  the  same  data  from  the  s»une  basic 
souive. 

The  data  most  readily  available  for  ownership  cast-<'stimating  in  this  study 
have  l>een  aggrepited.  heterogem*ovis.  and  cnws-sw'tiorad.  that  is,  gross,  weatmn- 
system-level  or  engine-family  ctwt  totals  for  only  a few  tisK'al  years  and  sometimes 
inconsistently  defined  across  thrwa*  years.  A smmd  hfe-cycle  analysis  ivipuros  disag- 

' Tbw  I*  |H>rbH|t(<  ts'ins  to  b«>  chiiniPHi  in  tlw  nosr  l\avav  with  -^'wi'ol  ilain  !*ysti'n\>  I'oitluwimnn  ot 
ilSD  oiwt  Uq  I'SAK  Una  nitiy  mvo  ov«*r  n lonp  |n»rust  oftinw'  V.\MOSt.'  iVisobilitv  tawl  Maiunjo- 
iwnt  ot'OponainK  amt  Snprort  t'mita,  USl*  l&l.'  amt  ttSCK  vtH»'ranns  ai\>t  Suprori  t\wi  RoiHotin*!, 
.VKAl'*  aiv  now  bains  iniplainonlo-.t  Thom'  nyr-lomaooukt  ovontualty  ala*'  I'lwivto  th,*  kiiut  ot'ilata  omstint 
at  tho  ouhayaioni  comronont  U'vol 
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monalod.  lioiiiOK^MH'OUS.  longitudinal  data,  cost  data  biokon  dc'wn  woat  n 

systoin  K'vol.  into  consi.'^tonlly  dofined  catO);orit’s.  and  avad  d>K’  (h  t'f  a consuloi  .d>lo 
poi'iod  of  tiino.  proforably  at  least  ton  yoa>''«.  In  f:onoral.  An  ’\n  ci  pi  aci  lOo  is  u>  savo 
costs  for  about  three  to  four  years." 

For  r ntiines,  the  coittractor  is  the  Ih'SI  srmree  of  MDT&  K (.'HP  and  p ocurenn'ot 
data,  since  lie  is  in  the  bt'st  position  to  break  out  the  detailed  cost  ci.uiu')  ts  for  each 
portion  i>f  th  costs  assiH'iated  \\  ith  a particular  t ontract.  and  he  .stves  cosi  data  for 
many  years.  These  data  are  valuable  to  him  Jor  analyzing;  new  engine  tuogrants, 
whereas  the  military  services,  Iwcause  .s[H'cifu'  contracts  laay  cover  a multitude  of 
items  procured  by  a luntp-sum  cost,  are  hard  pressed  to  attempt  a detailed  breakout 
of  costs  long  arter  the  fact.  For  instance,  a given  .\;r  Ko*'co  contract  n\ay  iiu'lude 
not  only  the  procurement  of  whole  engines,  but  some  allot meitt  to  spare  parts, 
managemettt  data,  held  support,  and  so  forth. 

The  only  source  of  all  relevant  ownersltip  data  is  the  using  military  serv.ee.  It 
is  critically  important  to  obtain  all  ivlevant  ct»sis  'tt  ,i  part’,  ular  ttiva,  For  iestai  'c. 
depot  costs  are  a large  expense  for  ettgines.  The  total  depot  cost  includes  not  t>nly 
overhaul  of  whole  engines,  but  also  repair  of  reparable  psirts  for  ahole-engiite 
overhaul,  the  cost  of  expendable  parts,  n'.oditications.  and  thi'  ivpair  of  con'poitents 
receive,!  directly  (Vom  the  field  and  returned  to  the  field.  Sonte  of  these  costs  have 
i.ot  been  included  lit  previous  studies  attemptiiig  to  obtain  tottil  depot  costs. 

The  operating  base  has  sintiliir  data  problems.  This  is  otte  area  ii\  which  specific 
wettpon  systent  costs  are  sigttificaittly  lacking.  To  obtain  cost  elemettts  at  tht'  base, 
for  example,  the  Resoutve  Mttnagetnettt  System  iRMSi  is  usetul  for  costs  a.s.sociated 
with  specific  base  ctwt  centers.  This  system  will  provide  the  cost  as.soci(tted  with 
operating  the  engine  shop.  Several  difficulties  hamper  the  collectiott  of  engine- 
related  base  costs:  The  engine  sl.op  is  not  the  only  source  of  lalmr  related  to  engines: 
costs  associated  with  the  eitgine  shop  iiwolve  fixing  all  of  the  engines  on  a base.  m>t 
merely  the  engine  type  of  interest;  and  costs  are  not  separated  by  weapon  system. 
The  analyst  tlierefore  ntust  exerci.se  care  in  obtaining  the  correct  costs  propeily 
allocated,  or  apply  some  estimation  technique  that  includes  allocatioti. 


Soo  .Xpp  H tor  miditioaal  ku'kui'  o\ati*nal 


CHAPTER  3 


MIUTAR\  AIRCRAFT  TURBINE  ENGINE  LIFE-CYCLE 

ANALYSIS 


Tliis  study  luis  a twofold  objoctivo:  to  dovolop  a itu'tliodology  for  assossing 
lito-cycli'  bonofits  and  costs  for  nuUtary  aircraf\  turbine  onyinos.  and  to  appl>  tiuit 
nu't bodolo^iy  to  policy  cottsidorations  in  the  dovolopinonl,  procurenu'nt.  and  luvnor 
ship  of  onKitios.  This  cbaptcr  focuses  on  the  development  of  that  .rt  ■ i nloio^y  ami 
presents  applications  of  it.  Oevelopment.  procurements  and  owncisbip  are  explored 
at  the  engine  subsystem  level.  The  chapter  analyzes  data  available  tor  each  phase 
,>f  tbo  life  cycle  and  develops  models  following  the  theoietical  fortV'  ai.  it  ions  of  Chap, 
'd.  To  satisfy  these  objectives,  the  chapter  examines  engine  benefits  and  costs  in 
■letail  to  reveal  magnitudes  and  proportions  of  lile-cycle  cost  and  identify  trends 
and  important  v,.triables. 

Toward  tho.se  ends,  this  chapter: 


• Presents  a methodology  for  measuring  militain  ci.gine  quality  by  relating 
desired  performance  characteristics  to  time,  specifically  to  the  loO-h.our 
Model  Qualification  Test  tMQTl  date,  to  obtain  a Time-ot'-.\rrival  tTc).\l 
(rend  for  enginesl  Id); 

• Reviews  the  apnlication  of  this  methodology  to  estimating  development 
and  procuremetu  costs  and  trading  off  pert'ormance  schedule  cost  in  the 
military  acquisition  process!  11;  and 

• Considers  this  .same  approach  for  uivestigating  and  improving  ownership 
cost-estimation;  ownership  and  acquisition  can  then  be  combined  into  an 
overall  life  cycle  perspective. 


With  such  a pei'spoctive.  the  early  planner  can  have  a new  ability  to  an.swer 
questions  about  tradeotVs  between  Inmetits  and  acquisition  and  ownership  costs 
during  the  conceptual  phase.  For  instance,  can  the  effect  of  pushing  the  state  ot’the 
art  be  measured  in  terms  of  overall  performance  schedule  cost  implications?  Will 
pushing  the  state  of  the  art  increase  com|Mment  improven.-'iu  costs?  Will  engine 
overhaul  in  the  depot  cost  more?  Will  it  cost  more  to  maintain  a more  complex 
engine  in  tl.e  field?  The  TX)A  approach  is  used  Indow  to  address  such  questions. 


TIME  OF  ARRIVAI^A  PROXY  FOR  TEOHNOlAKiY 

Because  technology  is  not  directly  measurable,  a substitute  measure  has  been 
sought.  Such  a measure  must  be  associated  with  real-life  applications,  tor  technol- 
ogy cannot  be  consideml  an  end  in  insc'lf.  Technology  trends  may  then  be  tracked, 
by  reconhng  the  values  of  the  measure  in  diflerent  applications  at  different  tinu's. 
.\  previous  Rand  study  related  the  date  of  an  engine's  successful  MQT  to  certain 
technical  advances  that  military  usei's  had  sought  over  time’,  Uiier  work  related 

' St'o  Kol'  12.  t'llior  sUutu's  ot' Uvl>iu'U's\  (ivmliit^  inclvulo  Kels  lit,  11,  ;ii\a  1.“' 
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t!)is  ol' stiittMtl'lhoort  to  ai'titiisition  coslHIl  niir*  itiva 

will  lu'  (liwviH.M»Hl  it!  looi'o  tiotail  Hhotilv,  Tl«*  piowol  Htiuly  ust'N  llu'  Htoiio  u|)|>i'otu'l» 
to  oxtoitd  (ho  unalyaiH  U'  tho  otttiio  lilo  oyolo. 

Tlu'  prosy  usod  lor  «ti»to  oril>o-art  udvaiuo  in  iIon  slinly  is  tho  limo  ol'arrival 
(TOAlol’a  part ioular  sot  ol'airoraO  turhino  onKhto  olmraotoristirs  at  tho  I50  lu>nr 
<ia(o.  A inultipio  rottrossimt  (oohnupio  was  nsotl  to  obtain  tho  (spiatioi^  (hat 
prodiots  tho  'I'OA  ol'llio  IfiO-hour  MQT;  tho  variahlos  woro  tl\nist,  woijjht.  (urhii\«' 
inlot  ttMopt'iatort',  spooilio  l\tol  oonsninption,  an«)  a prossoro  tornt  that  is  tho  pnul 
not  of  tho  prossnro  ratio  and  tho  nuisinuan  dynainio  pro.tsuro  ot'  (In'  on^dno's 
opi'iatinn  onvolopo  all  ol'  thorn  important  jM'rlormanoo  ntojtsuros.  Tho  initial 
ollorts  in  olttainin^’  a (rond  lor  military  i aminos  oonoontratod  on  portormanoo  sinoo 
thoso  moasuros  woro  most  roadily  availahio  and  tho  military  proooss  has  boon 
ossontially  porCormanoo-oriontod,  Matty  additional  variahlos  woro  oxanmttal  hut 
diti  itot  add  si^nilioantly  to  tho  (piality  of  tho  modol. 

Tho  data  haso  lor  tho  modol  o«>nsistod  at' 2(i  turhojot  and  turhol'an  on^mos 
spaitniitK  a dO-yoar  limo  poriod  of  airoralt  turhino  on^jino  history,  Som«'  of  tho 
toohnoloKu-al  hi^hlii;hts  of  this  timo  poriod  aro  sluwvn  in  Tahio  d.l.  Although  spo 
radio  sur>!ost)floohnolo»;ioid  ativanoo  havo  roourrod.  thoovorall  ti  ond  hashot'it  tan' 
of  stoady  ovtdution,"  Timo  oan  tla'roforo  ho  usod  as  a prosy  for  ovttiutimtary  tooit 
mtlo^jy  whon  ovtduatintt  portormanoo  sohodulo  oust  tratl«'»>lVs  in  tho  solootion  of  a 
now  on>{ino. 

Tht'  2t>  on^'inos  assooiatod  with  tho  data  haso  aro  shttwn  historioally  in  Tahio 
;t.2;  tho  dolailod  data  ttppoar  in  Tahio  ;l,d.  Tho  rosults  of  tho  Tt)A  mothd  aro  por 
trayod  in  Kift  <1, 1,  whioh  prosoitts  (ho  ouhIoI  Knipluoally  Tho  2t>  ’IXtAs  aro  pKtttotl 
hy  tho  namhor  oftjuartors  (d'yoars  iVtan  an  arhitrary  ttrinin,  t)o(ohor  UM2.  whon 
tht'  first  t'  S,  turhojot  poworod  airoralt  How  Thootjuation  isilisplayod  in  tho  linuro 

Tho  statist  ioal  tpialito's  of  (ho  modol  aro  vory  ^tMsI.  as  is  shown  hy  tho  U*  and 
st  nulanl  orror;  tho  K and  t tosts  for  tho  modol  and  otwllioionts  woro  also  oxtromoly 
sinnilioant  IVrhaps  most  important,  all  tho  variahlos  havo  ontorod  into  tho  rola 
tioiiship  in  a mannor  oonsonant  with  thoorolioal  oonsiiiorations  and  oporational 
I'sporionotv 

TOA  is  a llmotion  of  th«'  toohnoU\i?ioal  rharaotoristios  ot' turhino  on^jinos  Tho 
si^ns  of  tlu'  ooollU'ionts  in  tho  TOA  oijuations  aro  oonsistont  with  intuitivo  notions 
ofwhal  oonstitutos  moro  toohnolo^tioally  adviuuvd  aohiovoniont  w itli  tiiiu':  positivo 
ooolVu'ionts  on  variahlos  for  which  larjjor  valuos  aro  moro  dillioult  to  aohiovo.  and 
nonativi'  ooollioionts  on  variahlos  for  whioh  .smallor  valuos  aro  moro  dillioult  to 
'U'hiovo.  For  oxampio,  as  loohmdofty  advanoos ono  would  ox|m'o(  both  prossurt'  and 
turhino  tomporaturo  to  inori'tiso.  and  Ihoy  havo  posit ivoooollioiimts  in  tho  onuation 
Ono  would  oxpoot  woi^jht  and  spooilio  Ihol  oonsumption  to  door*  aso,  and  hnth  hav*' 
no^jativo  ooolliou'nts,  Tho  positivo  o*»oHioiont  for  tin  st  indioat*'s  that,  on  tho  av«'r 
ano.  tho  phvsioal  si/o  ofon^iitos  has  >{rown  ovor  tho  hO  yoar  history  Kn^iiU's  hav*' 
oonsidorahly  lar^or  thrust  today  than  thoy  had  20  It*  dO  yiuirs  a^o.  Fitturo  d,  I plots 
tin*  Timo  *»f  Arrival,  ’I\)A2t?.  on  tho  ordinato  aKoinst  tho  aotual  timo  of  arrival  on 
thi>  ahsoissa  for  I'lo  215  *tata  p*)inls.  Tho  •15-donroo  lino  oan  thon  lu*  visuah'/.*'«l  as  a 
moasuro  of  tho  stato  of  tho  art.  An  onuino  oaloulatod  to  arrivo  on  a o*'rtain  *lat«'  iliat 
«lo*'s  indood  arrivo  on  lhat  dato  falls  on  tho  4f>-donro*'  lino  I'ata  points  fall‘n>!  aluiv*’ 
tho  d/S  donro*'  lin*'  roprosont  lulvanood  lai^tinos  in  tlu*  st'nso  that  (law  wmo  l alovdat 


’ Km  mm*'  diiit'mutiim.  s*  *'  It*'!'  CJ,  |>|i  1 1 IS 
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Table  3.2 

Dates  of  Df.velopmknt  Initiation  for  the 
Aircraft  Turbine  Engine  Data  Base 


Early 

1940s 

La»e 

1940s 

Early 

19.108 

Late 

1950s 

Early 

19608 

Late 

1960s 

J30  W 

J40  W 

J52  PW 

J58  PW 

TF3  t GE 

J31  GE 

J42PW 

J65  CW 

J60PW 

TF39  GE 

J33  GE/A 

J46  W 

J69  C 

J86  GE 

TF41  A 

J34  W 

J47  GE 

J7.5  PW 

TP30  PW 

J35  GE/A 

J48  PW 

J79  GE 

TF33  PW 

J57  PW 

J71  A 

J73GE 

NOTE;  W “ Westinghou8e;GE  - General  Electric;  A “ Allison;  PW  “ 
Pratt  & Whitney;  C ” Continental;  CW  =■  Curtiss  Wright. 


Table  3.3 

Technicai,  Data  for  U.S.  Military  Aircraft  Turbine  Engines 


Engine 

Turbine 

Inlet 

Temp. 

TR) 

Thrust 

Max. 

(lb) 

Weight 

(lb) 

Pressure 

Term 

(Ib/ft^) 

Specific 

Fuel 

Consumption 

(Ib/hr/lb) 

Mach 

No. 

Max. 

Dia. 

(in.) 

Length 

(in.) 

MQT 

(Qtr) 

J30 

1830 

1560 

686 

1575 

1.17 

0.9 

19.0 

94 

17 

J31 

1930 

1600 

850 

1710 

1.26 

0.9 

41.5 

72 

il 

J33 

1960 

3825 

1875 

3400 

1.22 

1.0 

50.5 

103 

19 

J34 

1896 

3250 

1200 

3400 

1.06 

1.0 

27.0 

120 

27 

J3.') 

2010 

4000 

2300 

3400 

1.08 

1.0 

40.0 

168 

21 

J40 

1985 

10900 

3580 

5750 

1.08 

1.8 

41.0 

287 

45 

042 

1825 

5000 

1729 

3640 

1.25 

1.0 

49.5 

103 

25 

046 

1985 

6100 

1863 

6625 

1 01 

1.8 

29.0 

192 

44 

047 

2060 

4850 

2475 

5375 

1.10 

1.0 

37.0 

144 

26 

048 

2030 

6250 

2040 

4880 

1.14 

1.0 

50.0 

107 

33 

052 

2060 

8500 

2050 

12840 

0.82 

1.8 

31.6 

150 

74 

057 

2060 

10000 

4160 

11400 

0.80 

1.4 

41.0 

158 

41 

058 

(n) 

(a) 

(a) 

(a) 

(a) 

(a) 

(a) 

(a) 

87 

060 

2060 

3000 

460 

10360 

0.96 

1.0 

24.0 

80 

71 

065 

2030 

7220 

2815 

8500 

0.92 

1.8 

38.0 

127 

46 

069 

1986 

920 

333 

3400 

1.12 

1.0 

22.0 

44 

56 

071 

2160 

9670 

4090 

11000 

0.88 

1.5 

40.0 

195 

47 

073 

2060 

8920 

3826 

8750 

0.92 

1.9 

37.0 

147 

49 

075 

2060 

23500 

6950 

16724 

0.80 

2.0 

43.0 

259 

59 

079 

2160 

15000 

3226 

18056 

0.87 

2.0 

37.6 

208 

67 

085 

2100 

3850 

570 

10360 

1.03 

2.0 

20.0 

109 

74 

TF30 

(a) 

(a) 

la) 

(a) 

(a) 

(a) 

(a) 

(a) 

92 

TF33 

2060 

17000 

3900 

19210 

0.52 

1.0 

53.0 

136 

71 

TF34 

(a) 

(a) 

(a) 

(a) 

(a) 

(a) 

(a) 

(a) 

120 

TF39 

(a) 

(a) 

(a) 

(a) 

(a) 

(a) 

(a) 

(a) 

109 

TF41 

(a) 

(a) 

(a) 

(a) 

(a) 

(a) 

(a) 

(a) 

107 

'^Deleted  for  security  or  proprietary  reasons. 
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V.tual  tim#  ol  tinlv«tl  at  150 -tv  MOt 


Fij{.  ;il— Military  growth  on^jine  time  of ‘arrival 


od  (o  arrivo  on  a cortain  dato  and  they  arrived  earlier.  They  wei  e ahead  ol‘sehe«lule 
or  were  advaneed.  Conversely,  engines  below  the  45-degree  line  would  he  consid- 
ered eonsei'vative.  The  standard  error  is  shown  by  the  dashed  lines. 

Many  engines  have  both  allerburning  and  non-aflerburning  tnodels.  The  data 
utilized  to  obtain  the  TOA  model  represt'nt  "primary"  engines  in  the  sense  tha' 
each  is  ust'd  only  once,  according  to  its  first  MQT;  no  product  improvement  models 
are  included  in  the  figure.  The  model  that  first  passed  ati  MQT  is  the  one  selected 
fbi-  use  in  the  TOA  equation.  If  the  MQT  engine  had  no  aflerburner  but  subsequent 
models  did,  us  in  the  case  of  the  J57,  the  non-aflerburning  version  was  used. 
Similarly,  if  the  MQT  engine  had  an  aflerburner  and  subsequent  models  did  not— 
the  TF30.  for  example — the  atlerburning  version  Wi>s  used. 

Tlu‘  model  and  its  statistical  properties  are  summarized  in  Table  3.4;  the  table 
alsc:  includes  an  example  of  the  application  of  the  equation  to  the  J79  engine.  The 
J79  represents  approximately  the  middle  of  the  30-year  trend.  The  conti  ibutioJi  of 
each  variable  to  the  calculation  is  shown.  The  resuli  indicates  that  the  J79  was 
significantly  advanced  when  it  passed  its  MQT.  Also  shown  are  elasticities  for  the 
variables  tor  the  efiect  that  a percentage  change  in  the  independent  variable  will 
have  on  a |)ercentuge  change  of  the  dependent  variable).  The  predominant  variable 
in  the  calculation  is  turbine  inlet  temperature,  which  is  e>,,»emely  iiviportant  in 
turbine  engine  technology.  Higher  temperatures  allow  th**  engine  designer  numb 
more  flexibility  to  trade  off  design  and  performance  charact*  ■ ' cs  in  terms  of 
thrust.  SFX’,  and  physical  size  of  the  engine,  which  afl'ects  wei^,  'e  advance  in 
temperature  also  implies  that  materials  and  design  techniques  sui  ii  as  combustor 
and  turbine  cooling  are  improving,  so  that  the  design  can  handle  t he  higher  temper- 
ature. The  other  variables,  while  highly  significant  statistically  ami  inqvortam  in 
an  engine  design,  contribute  less  in  the  TOA  equation.  SbX'  appeam  to  have  the 
least  impact,  although  as  SFV  continues  to  decrease,  its  effect  could  become  signifi- 
cantly larger. 
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Table  3.4 

AiRCRArr  Tiirhink  Enuink  Time-mf-Akrivai. 

(TOA)  E<)UATtON 

TOA'ie  - -866.4  ♦ no.io  In  TEMP  + H.4Hrt  TOTPR8  - 26.08  In  WOT 

(6.8)  (3.1)  (6.1) 

- 16.02  In  SPCMIL  ♦ 18.37  In  THRMAX 
(2.8)  (2.8) 


0.96 

1.  J 

92  (6,20) 

Example;  J79  Eniinc 

Vuisble 

Valua 

Calculation* 

Rlaatlcity 

ConiUnt 

-868.4 

■866.4 

— 

TEMP 

2160 

♦845.3 

♦ 1.5 

TOTPRS 

18066 

♦111.8 

♦0.2 

WOT 

3226 

-210.7 

-0.4 

SFO 

.87 

♦2.2 

-0.2 

THRMAX 

16000 

♦ 176.6 

♦0.3 

TOA26 

68.8 

MQTQTR 

57 

*Bqu«t(on  coefficient  tnulUplied  by  value  of  variable 
(in  appropriate  form); e.g.,  for  TEMP;  1 10.10  In  2160  • 
♦ 846.3. 


Of  particular  interest  during  early  planning  at  the  conceptual  phase  would  Iw 
an  engine  falling  outside  the  standard  error  on  the  high  side,  namely,  a significantly 
advanced  engine  in  terms  of  the  data  base.  Some  data  points  do  fall  outside  the 
standai'd  error  on  the  high  side,  such  ns  the  J79  example  shown.  An  advanced 
engine  can  be  achieved,  then,  but  the  model  suggests  that  it  be  more  difficult  than 
achieving  an  average  engine.  It  is  to  be  expected  that  an  advanced  engine  has  a 
higher  exposure  to  performance  shortfall  and  schedule  slip  and,  as  will  be  shewn 
subsequently,  will  tend  to  be  more  expensive  to  develop  and  procure.  There  is  also 
some  qualitative  evidence  (but  as  yet  insufficient  quantitative  data)  that  such  an 
engine  may  be  more  susceptible  to  "teething”  problems  when  introduced  into 
operational  service  If  an  engine  fell  within  the  standard  error  where  two-thirds  of 
the  data  would  be  expected  to  fall,  it  would  be  difficult  to  say  whether  it  was 
significantly  advanced  or  conservative.  An  engine  outside  the  standard  error  on  the 
lower  side  would  tend  to  be  significantly  conservative  for  the  time  that  it  did  arrive. 
But  this  is  not  to  say  that  an  existing  engine  (as  shown  in  the  figure)  on  the 
conservative  aide  was  expected  to  arrive  on  that  date.  It  may  have  slipped  fVom  a 
schedule  that  was  expected  to  pixiduce  an  advanced  engine  or  an  engine  within  the 
state  of  the  art.  (Planning  information  concerning  when  an  engine  was  supimsed 
to  pass  its  MQT  was  not  available  for  most  older  engines.)  In  fact,  no  engine 
currently  in  the  USAF  inventory  has  started  out  to  be  deliberately  conservative. 
This  may  have  implications  for  the  overall  trend  today  of  designing  to  coat.  Most 
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military  engines  in  the  inventory  to  date  have  been  primarily  performance-orient- 
ed, with  durability,  reliability,  maintainability,  and  coat  considerations  second.  It 
would  be  an  innovation  to  design  an  engine  to  cost,  with  deliberately  conservative 
performance  characteristics. 

As  will  be  shown  in  the  cost  analysis  to  follow,  the  development  of  engines 
beyond  the  MQT  after  they  enter  operational  service  is  often  more  costly  than  the 
entire  development  program  up  to  the  MQT.  As  an  illustration  of  the  application 
of  the  TOA  technique,  an  analysis  was  made  of  the  additional  technological  growth 
of  13  engines  after  their  original  MQT.  It  would  be  expected  intuitively  that  the 
growth  version  of  an  engine  already  in  production  would  have  limited  design 
flexibility,  because  many  of  its  features  are  constrained  by  the  existing  hardware 
and  production  capabilities.  Hence,  technology  improvement  for  updated  engines 
should  be  slower  than  that  for  new  engines.  This  expectation  is  borne  out  by  Pig. 
3.2,  portraying  poet-MQT  technology  growth  for  13  engines.  The  left-hand  point  of 
each  pair  of  points  is  the  TOA  of  the  original  MQT  engine,  and  the  right-hand  point 
is  the  TOA  of  the  moat  improved  version.  The  connecting  line  indicates  the  rate  of 
technological  growth  for  each  engine  relative  to  the  state  of  the  art.  All  engines 
showed  growth  curves  of  less  than  45  degrees.  A Rand  study  [16]  has  investigated, 
to  a limited  degree,  the  type,  airaount.  and  cost  of  technological  change  through 
growth  models  of  turbine  engines. 


1^  1952  \Hi  \m  Ymt 

Actual  tl«M  •(  wilvnl  ni  1S0>W  MOT 

Fig.  3.2— Military  turbine  engine  time  of  arrival 


Application  of  TOA 

This  TUA  approach  will  be  used  to  estimate,  first,  development  and  production 
costs  during  acquisition,  and  Inter  ownership  costs,  using  two  time  measures  along 
with  other  parameters  that  are  expected  to  be  significant  in  the  cost-estimating 
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relationships  (CERs).  Figure  3.3  presents  these  terms.  TOA  is  the  time-of-arrival 
level  for  a particular  engine  calculated  from  the  equation  and  measured  from  the 
origin.  ATOA  is  the  difference  between  the  calculated  TOA  when  an  engine  is 
expected  to  pass  its  MQT  and  the  actual  or  scheduled  MQT  measured  from  the 
45-degree  trend  line.  Both  of  these  terms  will  be  used  in  attempting  to  improve  the 
CERs  for  engine  acquisition. 
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Fig.  3.3— Relationship  between  predicted  time  of 
arrival  and  deviation  from  the  trend 


It  must  be  emphasized  that  the  TOA  methodology  does  not  directly  measure 
a trend  of  technology,  per  se,  but  a time  trend  of  the  parameters  associated  with 
the  successful  application  of  technology;  the  development,  production,  and  use  of 
products  to  meet  user  demand.  The  methodology  enables  the  user  to  discriminate 
between  performance  measures  that  have  unequal  value  for  hin?.  The  following 
assumptions  and  limitations  apply  to  this  methodology; 

1.  The  model  implies  steady,  evolutionary  development.  Progs’ess  made  in  a 
time  interval  in  the  19<50s  is  equal,  relatively,  to  progress  made  in  a similar 
time  interval  in  the  1970s. 

2.  There  is  continuing  support  of  the  technology  base.  The  exploratory  and 
advanced  development  programs  and  the  IR&D  effort  are  continuous  and 
ongoing.  Operational  experience  and  component  improvements  in  exist- 
ing hardware  also  provide  information. 

3.  In  predicting  new  engines,  it  is  assumed  that  the  future  will  behave  simi- 
larly to  the  past  in  the  sense  that  the  acquisition  process  will  not  vary 
greatly,  and  that  the  values  applied  by  the  user  will  be  fairly  similar.  Thus, 
design-to-cost,  as  opposed  to  the  current  military  philosophy  of  design-to- 
performance,  must  still  be  evaluated  cautiously  in  a military  context. 
However,  combining  military  and  commercial  experience  may  yield  new 
insights  concerning  the  value  of  characteristics  other  than  performance  in 
attempting  to  obtain  an  overall  trend  of  quality  in  an  engine. 

4.  In  predicting  the  future,  it  is  important  that  the  variables  associated  with 
new  products  be  a reasonable  extension  of  the  available  data  base  vari- 
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ables.  Near-term  future  predictions  are  therefore  likely  to  be  more  valid 
than  far-term  predictions.  The  variables  must  certainly  be  internally  con- 
sistent with  regard  to  thermodynamic  cycle  characteristics  for  the  design 
being  evaluated.  A large  increase  in  a single  variable  is  thus  pi'ecluded 
from  consideration  for  a new  engine  program.  Steady  improvement  in  all 
variables  has  been  the  experience. 

5.  The  data  base  is  for  all  industry  products,  and  the  model  reflects  average 
industry  experience.  Thus,  the  model  may  not  totally  reflect  a particular 
manufacturer,  since  there  are  leaders  and  follower  in  any  industrial  and 
technological  area. 

There  has  been  continual  pressure  to  advance  technology  during  the  30-year 
period  covered  by  the  engine  data  used  in  this  study,  and  contimious  progress  has 
been  achieved.  These  observations  and  supporting  analysis  1 1,12]  indicate  that  the 
MQT  date  generally  orders  the  level  of  technology  of  engines,  and  that  Tt)A  pro- 
vides an  ordinal  prediction  of  an  engine’s  level  of  technology.  In  this  technological 
sense,  the  measure  is  not  catxlinal  because  the  difierences  cannot  l')e  directly  com- 
pared. 

The  technology  and  cost  models  are  of  interest  to  planners  and  cost  estimators 
whether  TOA  is  a cardinal  or  ordinal  measure.  Planners  will  use  any  available  tool 
to  obtain  the  "best”  solution  for  the  decisions  that  confront  them.  Interest  has  been 
focustv  on  this  issue  because  a cardinal  measure  of  technology  is  intrinsically 
desirable:  Such  a measure  would  provide  a sounder  theoretical  basis  for  cost  esti- 
mation than  have  the  more  "conventional”  approaches  used  in  the  past,  Indeed, 
some  past  efforts  have  been  more  concerned  with  variables  that  best  explain  the 
data,  with  insufticient  regaixi  for  their  theoretical  appeal.  The  TOA  measure  seems 
to  be  a more  objective  measure  of  technological  state-of-the-art  advance  than  has 
been  previously  obtained  and  used  in  cost-estimating  relationships,  but  TX)A  i.s  not 
a cardinal  mi>a,sare  of  technolof’v.  It  is  a proxy  for  technology,  and  it  does  attempt 
to  relate  technology  to  time  through  user  values  of  proriucts  obtained,  and  time  i,s 
therefor''  i iti  a cardinal  .sense  in  the  cost-estimating  models  that  follow. 

Data  Anai  ''s 

Data  were  obtained  and  analyzed  prior  to  development  of  CERs.  Development 
costs  for  14  military  turbojet  and  lurbofan  engine  programs  and  procurenrent  costs 
for  18  such  prO;  ams  were  obtained  and  used  to  generate  acquisition  cost  jnodels 
utilizing  TOA  and  ATOA.  Reference  I contains  a detailed  discussion  of  the  data  and 
their  treatm.  These  data  were  obtained  almost  exclusively  fVon\  contractors. 
Ownership  data,  on  the  other  hand  (except  for  CIP),  were  obUtined  mainly  from  Air 
Foree  organizations.  These  data  were  severely  limited  as  to  quality  and  time-span, 
limiting  the  moilel  results  that  could  be  obtained  in  the  ownership  area.  Interesting 
insights  were  obtained  concerning  magnitudes  and  proportions  of  costs  for  particu- 
lar ownership  expenses,  and  some  model  results  are  useful  as  cjude  estimates  of 
costs.  Ownership  cost  models  will  be  addressed  following  discussion  of  the  acquisi- 
tion cost  models. 

Relating  Time  of  Arrival  to  Acquieition  Coats 

The  methodology  involving  a time  of  arrival  for  relating  performance  to  devel- 
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opm«nt  8checlv.i«t  has  b»xn  incorporated  into  cost-estimatinK  I'elationshipa  tCKRsi 
for  the  engine  acquisition  process.  These  CERs  were  developed  (br  U.S.  nulitnry 
engine  development  and  procurement  co&ts.*  Homogetts.H>os,  disaggivKatml  cost 
data  were  available  Orom  the  engine  contractors,  spanning  a 2&-yeai  perioil  in  some 
cases.  Without  this  type  of  data,  meaningfU’.  results  could  not  have  been  obtained. 
The  approach  employed  here  was  to  investigate  variables  considered  imporUint  in 
the  development  and  procurement  phases  of  a new  engine.  The  variables  includeil 
measures  of  the  quality  of  the  product,  the  development  time  involved,  the  "tei  h- 
nology"  <timd  of  arrival)  embodied  in  the  product,  and  hov;  much  additional  "ttH'h- 
nology"  the  program  appai'ently  required.  Results  of  these  CERs  are  sliown  in 
Tables  3.5  and  3,6  for  development  to  MQT  and  ibr  the  thousandth  pitxluction  unit 
selling  price.  Example  calculations  and  elasticities  for  the  •r/O  engine  are  also 
presented. 


Table  3.5 

Com-  Modki.  roR  DRVKi.orMRNT  to  MQT 
tin  millions  of  1975  dollars) 


In  DMQTC  - "1.3098  ♦ 1«.08S38  DBVTIMB  ♦ 0.49630  In 

t7.6>  (71) 

♦ 0.04099  ATOA26  ♦ 0.41360  la  MACH 
(4.9)  (2.3) 

R* -0.961 
SB  -0.189 
F - 88.7  (4.9) 

ExtnipU:  J79  Enfinv 


VarUhl* 

Value 

t^lculation 

Blaatkity 

OoraUni 

“1.3098 

-1.3098 

- 

DBVTIMB 

18 

♦ 1.83684 

♦ 1.6 

THRMAX 

18000 

♦4.77239 

♦0.6 

ATOAaa 

11.8 

♦0.48368 

♦0.6 

MACH 

9.0 

♦0.98674 

♦0.4 

In  DMQTC 

6.76978 

DMQTC 

390.0 

Actual  DMOTC 

3’*  ' 0 

In  the  models  studied,  the  variables  have  entered  with  coefficients  that  sjitisf^- 
theoretical  considerations  and/or  actus'  experience.  The  signs  of  the  awfficients 
are  in  the  right  direction  in  terms  of  what  an  engine  designer  would  expect  concern- 
ing changes  in  these  variables  and  the  resultant  eflbet  of  such  changes  on  cost.  In 
the  development  cost  model,  for  instance,  development  lime  entertnl  positively, 
indicating  that  the  longer  the  prograir:,  the  higher  the  cost.  The  implication  heiv 
is  that  continuously  higheixiualit*'  products  entailing  longer  development  times 
have  been  desireil  over  the  3(Vyear  trend.  It  must  be  noted,  however,  that  a mini- 


* For  n nuav  dotaiM  dim'urwion,  •«>  I,  pp,  aiV48 
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Table  3.6 


Coot  Model  for  Thousandth  Production 
UnitSelunq  Price 
(In  millions  of  1S75  dollars) 

In  KPUSF  - -8.S070  0.70632  In  THRMAX  0.00074  TOA26 

(9.2)  (2.8) 

♦ 0.46710  In  MACH  ♦ 0.01804  A TOA26 
(2.6)  (2.4) 

R*  - 0.961 
RE  - 0.216 
F-63.0  (4.13) 


EkwipIc:  J79  BafiiM 


Variable 

Value 

CycwlatkNs 

Elaaticity 

Constant 

-8.2070 

-8.2070 

— 

THRMAX 

16000 

6.78222 

♦0.7 

TOA36 

6Q.8 

0.46371 

♦0.6 

MACH 

2.0 

0.31664 

♦0.5 

ATOA26 

11.8 

0.21287 

♦0.2 

{nKPUSP 

-0.43136 

KPUSP 

0.660 

Actual  KPUSP 

0.631 

mum  development  time  on  the  order  of  four  to  five  years  for  a new  engine  prognMn 
must  be  associated  with  this  estimating  relationship,  since  in  Sihe  extrei.'w  this 
relationship  could  result  in  eero  development  cost  at  aero  tiaae.  It  takes  seme 
amount  of  time  to  develop  a new  engine,  of  course,  however  simple  it  may  be;  the 
model  thereforo  must  use  some  minimum  development  time.  Hie  coefficients  of  the 
other  variables  also  accord  with  expectations.  Thrust  enters  positively.  The  larger 
the  engine,  the  higher  the  development  cost.  ATOA  and  Mach  number  enter  posi- 
tively; they  relate  to  the  stateof-the-art  increment  to  be  obtained  (or  additional 
time  increment  required  beyond  an  "average"  developnient— the  program’s  tech- 
nology "reach”)  and  complexity  of  the  engine  due  to  the  environment  in  which  the 
engine  has  to  operate.* 

For  J79  development  costs,  as  shown  in  Table  3.5,  the  largest  contributor  is 
thrust,  with  development  time  second.  In  terms  of  elasticity,  it  appears  that  devel- 
opment time  is  the  most  significant  for  development  cost.  For  the  thousandth-unit 
production  cost  model  (Table  3.6).  the  largest  contributor  again  is  thrust.  It  also  has 
the  highest  elasticity  for  the  J79  example  shown.  In  both  examples  ATOA,  although 
making  a fairly  small  contribution  to  total  costs,  significantly  increases  develop- 
ment coot  and  production  unit  cost'  by  over  60  percent  and  over  20  percent,  respec- 
tively. The  development  and  production  cost  estimaios  obtained  with  this  approach 
are  very  close  to  the  actual  data  for  the  J79.  as  shown  in  Tables  3.6  and  3.6. 

* Se«.  e.g.,  Rof.  17,  where  Mansfield  characteriioe  eiements  of  development  at  site  and  complexity 
(thrust  nnd  Mach  No.),  the  magnitude  of  advance  (ATOA).  the  stock  of  knowledge  (TOA).  and  the 
d«vck>pTnert  time  (DEVTIME),  all  of  which  showed  up  in  models  obtained.  (TOA  is  not  highly  significant 
in  the  military  development  cost  model  but  was  significant  in  a combined  military  and  commercial 
model.) 
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To  calculate  the  cost  of  procuring  a quantity  of  engines,  it  is  necessju'v  to 
determine  a progt'ess  curve  slope  for  the  ^particular  engine  program  (or  assume  one 
on  the  basis  of  a particular  manufacturer's  experience)  and  then  use  a procedure 
for  obtaining  the  total  cost  of  the  quantity  desired,  knowing  a unit  cost  and  slope.** 
Tables  3.7  and  3.8  present  models  for  progress  slope  and  production  quantity 
cost.  Several  variables  had  to  be  introdun^  in  developing  the  models.  One  was  a 
manufacturer's  dummy,  which  was  necessary  to  ac^ust  for  the  significantly  difl'er- 
ent  accounting  practices  used  by  one  of  the  manufacturers  prior  to  1971.  Account- 
ing practices  must  be  undei*stood  so  that  alt  appropriate  cost  elements  are  ac- 
cumulated and  costs  are  on  a comparable  basis.  Changing  accounting  practices 
require  that  a detailed  cost  trail  be  maintained  as  the  years  go  by  so  that  the 
equivalent  cost  elements  can  always  be  obtained  from  the  data  on  an  annual  basis. 


Table  3.7 

CUMUIATIVK  Avt^RAGE  PRODUCTION  UniT 

Progress  Siopk' 

Slope  - 0.85736  ♦ MFRDUM**  - 0.53343  KPRATE  + 33.743  MQTY 
('2.4)  (2.7)  (2.3) 

- 0.07170  MVOLUME  ♦ 0.00106  TOA26 
(2.1)  (1.8) 


R^  • 0.788 
SB  - 0.044 
F - 9.0  (5,12) 


"a  manufacturer's  eatimated  rtope  based  on  a particular  engine 
program  ia  tlie  preferred  alternative  at  present. 

^Coefficients  for  MFRDUM  are  not  showK  because  they  do  not 
apply  to  new  engines.  Significance  ievela  are  shown  to  indicate  the 
importance  of  distinguishing  brAween  one  particular  manufacturer 
and  the  other  companies  historically. 


The  slope  modal,  although  quite  interesting  for  the  information  it  conveys,  is 
not  of  the  quality  of  the  development  and  production  models:  it  is  included  here  for 
illustrative  purposes  only.  It  would  have  to  be  improved  before  it  could  he  used 
extensively.  F'or  the  time  being,  the  w'isest  course  would  be  to  select  a progress  slope 
on  the  basis  of  a specific  manufacturer's  experience  and  specific  program  informa- 
tion. 

As  an  alternative  to  using  an  assumed  progress  slope  and  the  thousandth 
production  unit  selling  price,  a model  of  production  quantity  cost  was  examined. 
Several  of  the  variables  of  interest  were  found  to  be  significant  in  this  model. 

The  model  obtained  for  production  quantity  cost,  as  shown  in  Table  3.8.  con- 
tains TOA26  and  ATOA'^'S  as  well  as  the  manufacturer's  dummy  resulting  fVom 
difTerences  in  manufacturers'  accounting  practices.  The  most  significant  variables. 


• Thv  promlui-e  is  well  ciorumonteii  in  thv  iilemtuiv.  Sw  Ref  18  for  tho  soininal  work  ot  Rnml  m 

this  )i«ld.  nnd  Rvf  I fn,  applirntion  to  engini's. 
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Table  3.8 

CuMuiJ^TivK  Production  Quantity  Cost  Model 
(In  millions  of  197P  dollars) 

In  PRQTYC  - 7.8504  ♦ .8697  In  QTY  ♦ .82204  In  THRMAX  MPRDUM 

(45.0)  (24.0)  (6.0) 

+ .0158  TOA26  + .34478  In  MACH  + .00277  TOA26 
(5.0)  (4.0)  (2.4) 

R^  - 0.97 
SE  - 0.214 
F- 501.7  (6,81) 


Example:  J79  Engine 


Varinble 

Value 

Calculation 

Elasticity 

Constant 

-7.8504 

-7.8504 

- 

QTY 

13000 

8.2384 

♦0.9 

THRMAX 

15000 

7.9046 

+0.8 

ATOA26 

11.8 

0.2192 

+0.2 

MACH 

2.0 

0.2398 

+0.3 

TOA26 

68.8 

0.1906 

+0.2 

In  PRQTYC 

8.9422 

PRQTYC 

7648.1 

Avarage  unit  cost 

0.588 

however,  in  terms  of  entry  into  the  model,  contribution  to  the  calculation,  and 
elasticity,  are  quantity  and  THRMAX.  Certainly,  quantity  should  be  most  si>fnifi- 
cant  in  this  type  of  model  and  THRMAX,  again,  is  a measure  of  the  physical  size 
of  the  engine  to  be  produced.  The  contribution  of  the  manufacturer’s  dummy  is  zero 
for  the  GE  engine.  ATOA  significantly  increases  the  production  quantity  cost:  about 
25  percent  for  the  hypothetical  example  shown. 

In  future  research,  the  methodology  could  be  expanded  to  encompass  design 
objectives  other  than  performance  for  the  military.  This  will  be  explored  fUrther 
in  Chap.  4,  which  discusses  commercial  experience  in  an  efibrt  to  expand  on  the 
quality  of  the  engine  in  areas  concerning  durability,  reliability,  maintainability, 
safety,  and  environmental  impact.  If  all  of  the  quality  elements  considered  impor- 
tant for  engines  could  be  more  fully  understood,  the  possible  tradeoffs  in  the  acqui- 
sition process,  and  between  acquisition  and  ownership,  could  be  addressed,  at  least 
aft  the  component  level  for  aircrafi  turbine  engines. 

It  should  be  emphasized  again  that,  in  all  the  work  applying  this  approach  to 
estimating  the  state  of  the  art  for  the  acquisition  of  military  engines  and  for 
improving  development  and  production  cost  estimates,  not  only  were  the  CER 
models  statistically  improved  by  using  this  methodology,  but  all  the  variables  of 
interest  entered  the  models  in  a thcoreticallv  satisfying  way.  The  approach  may 
have  benefit  in  planners’  early  attempts  at  broad  tradeoffs  among  performance, 
schedule,  and  cost.  It  could  be  used  to  measure  the  risk  that  an  engine  will  not 
achieve  its  MQT  date,  where  risk  includes  tne  possibilities  of  performance  short- 
falls, schedule  slip,  and  cost  growth.  This  will  be  shown  in  the  following  example. 
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A HYPOTHfTICAL  EXAMPLE  OF  PERFORMANCE/SCHEDULE/COST 
TRADEOFFS  IN  THE  ACQUISITION  PROCESS* 

An  example  of  the  application  of  the  TOA  methodolosy  to  the  acquis  tion  of  a 
new  engine  is  presented  here.  The  engine  is  an  ailerburning  turbofan  engine  for 
a new  fighter  aircraft.  The  data  for  this  engine  program  were  selected  to  represent 
an  advanced  engine  that  would  fall  outside  the  standard  error  on  the  high  side  in 
the  TOA  analysi&'-an  engine  significantly  ahead  of  its  time.  Table  3.9  lists  the 
performance  variables,  planned  development  scheilule,  and  production  quantity. 

Figure  3.4  depicts  set'eral  definitions  for  schedules  of  interest  to  our  tradeoff' 
analysis.  The  characteristics  and  schedule  assumed  for  the  new  engine  presented 
in  the  table  will  result  in  a data  point  outside  the  standard  error  on  the  high  side, 
and  thus  in  an  engine  advanced  for  the  time  it  is  being  sought,  but  other  alterna- 
tives are  also  possible. 


Table  3.9 

Performance  Charactkristk's  and  Schedule  for  a Hypothetical 
New  Afterburning  Turbofan  Engine  Program 


Performance  variables 

Maximum  thrust  (SLS),  lb 21,000 

Weight,  lb 3,000 

Turbine  Inlet  temperature,  ’’R 2,900 

Specific  fuel  consumption,  Ib/hr.tb 0.70 

Pressure  term,  Ib/ft^ 72,000 

Mach  number 2.4 

Planned  development  schedule  and  production  quantity 

15C-hr  MQT  date,  quarters  since  1942  124 

Development  time  Orom  start  to  MQT  date,  quarters  20 

Quantity  produced  (including  flight  teat  and  spares) 1 ,935 

Manufacturer  progress  slope  assumed  0.90 


The  first  development-schedule  possibility  of  interest  in  the  figure  is  the  On 
Time  schedule*.  The  engine  is  desired  at  an  early  date  and  is  obtained  on  that  date, 
with  the  ATOA  shown  and  the  five-year  development  schedule.  In  the  second 
possibility  shown,  the  development  time  slips  almost  to  the  On  Trend  line:  The 
engine  was  not  ready  on  schedule.  (The  triangle  formed  by  the  ATOA,  the  develop- 
ment time  extension,  and  the  46-degree  line  represents  the  ai-ea  of  tradeoff  in  terms 
of  performance  and  schedule,  and  these  two  parameters  affect  the  likely  acquisition 
cost  of  the  engine  as  reflected  in  the  CERs.  This  triangle  represents  a performance/ 
schedule/cost  tradeoff  area.)  A third  approach  to  the  development  schedule  is  to 
"schedule”  the  desired  engine  near  the  trend  line  (the  45-degi*ee  trend  line)  and 
assume  an  average  development  time.  Currently,  an  average  engine  takes  about 
five  years  to  develop.  Thus,  for  this  example,  one  would  wait  about  a year  and  a 
half  before  starting  the  average  engine  program  in  order  to  obtain  the  stipulated 
performance  level  close  to  the  45-degree  line;  the  resulting  program  would,  of 
course,  be  able  to  use  the  extra  time  to  incorporate  the  technology  accumulated 

* This  example  is  patterned  after  one  presented  in  Ref.  19,  pp.  11-14. 
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Fin.  3,4— Schtniule  definitions  tor  tradeoff  and  risk  analysis 


durinn  that  period,  assuininn  technology  moves  ahead  in  a steady  evolutionary 
manner  through  continuous  support  of  the  technology  Iwse. 

The  acquisition  coats  for  U the  advance^!  pn>gram  obtained  on  time,  21  the 
advanced  program  with  a schedule  slip,  and  3)  the  aver  age  progi'am  scheiluhnl  to 
bo  obutined  near  the  trend  are  compared  in  Table  3,10.  Far  the  advanced  pi'ogram 
achievetl  on  time  as  planned  tcol.  1).  the  development  cost  is  estimated  to  !>e  $428 
million.  The  thousandth  unit  production  cost  is  $1.38  million,  with  a progress  dope 
of  0.90,  jvsulting  in  a cumulative  proiluction  cost  of  $2,841  billion  an<l  a tvdal 
acquisition  cost  of  $3,269  billion.  Had  this  program  slipped  to  abinit  the  trend  line 
tool.  2>.  the  development  cost  would  have  increased  to  $659  million.  The  protiuction 
unit  cost  would  not  have  changetl.  because  the  slip  would  not  have  been  known  until 
the  program  reached  the  point  where  it  was  suf  posed  to  pass  the  150-hour  MQT 
and  then  had  difficulty  making  it.  Thus,  this  production  inwt  represents  an  engine 
design  configuration  set  some  time  previously,  and  the  twme  production  dollar  coat 
applies  in  both  of  these  situations.  The  total  acquisition  vtist  comes  to  $3.4tX)  billion. 
The  average  pragram  on  trend  tcol,  3).  with  the  five-year  development  time 
planned,  turns  out  to  have  a lower  development  i-ost.  $335  million,  a lower  thou- 
8i»ndth-unit  cost,  $1.24  million  (because  the  developer  waits  and  uses  that  time  to 
incorporate  the  technology  learned  during  the  interim  period),  and  a lower  cunuda- 
tive  production  cost.  $2,885  billion.’  The  total  acquisition  cost  for  the  average 

' Implicit  in  this  nnalyw#  i*  th?  aMumption  Hlr«Ad.v  noted  that  twhnoloRy.Uw  pi-OKvams  art-  pixv 

dinit  ateaiiib'  -and  that  improvonienu  lev  continuouab  avadahle  over  tinte  ihr  l>oth  developnu'iu  and 
production  phaaea  of  the  profiram. 
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protJ’iUD  is  iibout  $'11U)  million  loss  than  that  of  I lio  iulviiiu'o’.  |»n>i^inm  obtaiiusl  on 
timo,  ’I’bo  mlvanml  nrojji  am  \vi(b  a sohodulo  sli|>i>a>;o  is  I bo  i\u>st  oxiH'osivo,  of 
ooni'st'. 

This  oxamplo  foousos  oi\  tbo  oniiino  subsystom.  Not  monlionoil  bor»'.  but  ook 
(ainly  of  jji'oat  conoorn  (o  a woapun  systom  plannor.  is  wbal  oll'ooi  tlio  on^jiiu'  lias 
on  1 1)0  oat  in'  'Aoapon  sysloinum  onuino  sobodnioslip  impliossi^i'.ifit  ant  n>st  ( b 
and  sobodulo  slip  of  tbo  ontiro  woapon  sys(om  - anil  a now  on^im'  is  nsnaliy  iIm> 
paling:  dovolopmont  subsystom  in  a now  woapon  systom.  On  tbo  otbor  bat'd,  an 
advanood  on>;'no  may  contiibuto  con.sidorably  to  rodnoing  tbo  lifo  oyolo  oost  t>f  tbo 
ontifo  woapon  systom  tbrou^tb  a roduction  in  airlVamo  woinbl  and  fuol  oonsuinp 
lion. 


OWNKKSHII*  OK  AIRCRAPr  TDRHINK  KNOINh^i 

Tbo  ownorsbip  of  an  airorad  turbino  onuino  onoompassos  all  of  ibt'  opoi  atin^ 
and  support  ousts  rolatod  to  oporalin^:  and  maintaining  tbo  ottKim'  by  and  for  tbo 
bonolit  of  t bo  usor.  In  this  study.  "iH'aolits"  aro  oxpro.sso)l  primarily  in  ti'rms  of  tbi* 
oumulat  ivo  onxion  llyinjt  hours  for  tbo  onuino  quality  obtainod  for  a spooitio  woapon 
systi'in,  Ownorsbip  costs  associa tod  with  tbo.so  bonolit s includo  component  improvi'- 
mont  programs  (ClPs)  rolatod  to  continuing'  tbo  dovolopmont  t)f  an  on^'ini'  aPor  iis 
MtjT;  llio  spare  ouKinos  required  to  support  tbo  installed  inventory  by  koopinp  tin' 
pipeline  filled  during  base  and  depot  repair;  tbo  onuino  labor  ami  parts  at  tbo 
operatiiiK  base  to  keep  the  (loot  tlyiuK;  depot  labor  and  parts  for  mainlenanco 
suppeu-t  to  ro.slorc  on^'inos  and  reparable  parts  to  flying  status;  all  movlilication 
labor  and  parts  associated  with  parts  changes  duri.ig  the  course  of  an  ongine's 
maturation  and  steady-state  experience;  ground  support  equipment  and  tooling  to 
support  the  engine  in  the  field  and  at  the  depot;  tn. asportation  costs  for  parts  and 
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t'nninos  shipped  between  bases  and  depots;  nwinaneinent  costs  related  to  base  and 
depot;  facilities;  and  training.  Engine  attrition  and  fuel  consumed  are  also  extreme- 
ly important,  out  in  this  study  are  considered  weapon-system-i  elated  and  must  be 
identified  separately,  'fhey  are  certainly  ownership  costs  that  should  be  considei-ed 
in  any  tradeofl's.  Base  laboi'  and  parts,  depot  labor  and  pai’ts,  modifications,  ground 
support  equipment,  transportation,  management,  and  training  costs  are  considered 
under  the  broader  heading  of  engine  maintenance  and  support  costs.  This  study 
concentrates  on  CIPs,  base  and  depot  maintenance  and  support,  and  spare  engines 
as  the  largest  contributors  to  engine  ownership  costs.  Transportation  and  manage- 
ment costs  are  considered  to  be  of  secondary  interest.  Facilities  are  not  included 
hei’e  because  they  are  considered  program-specific. 

This  study  is  primarily  concerned  with  variable  life-cycle  costs.  In  an  economic 
sense,  all  costs  are  considered  variable  in  the  long  term.  However,  in  considei  ing 
a new  weapon  system  five  to  ten  years  into  the  future,  certain  costs  are  considered 
fixed  in  this  study.  These  costs  are  associated  with  owning  and  opening  bases  or 
depot  facilities.  Consequimtly,  the  variable  portion  of  base  opeiating  support  costs 
and  depo*  operating  costs  are  addressed.  Costs  have  be  en  obtained  from  various 
souices.  Appendix  B provides  details  on  the  data  collected  and  analyzed. 

Component  Improvement  Programs 

A CIP  for  an  aircraft  turbine  engine  provides  funds  for  continuing  develo|)mem 
and  engineering  support  activities  beyond  the  150-hour  MQT  date.  The  intent  is  to 
improve  the  product  by  correcting  deficiencies  revealed  in  operational  experience, 
improving  reliability  throughout  operational  use.  reducing  costs  for  parts  anil 
repairs,  and  allowing  the  engine,  through  sustained  engineering,  to  age  gracefully 
during  its  operational  lifetime.  The  development  to  MQT  is  intended  to  provide  a 
specific  level  of  performance;  at  a minimum  acceptable  level  of  endurance  and 
reliability  to  the  user.  Engines  are  designed  with  certain  parts  life,  but  only  t hrough 
testing  and  use  can  this  inherent  durability  be  assessed  and  engine  reliability  be 
injproved.  It  is  said  by  engine  designei's  that  you  design  an  engine  ti;  durability 
(life)  sfwcifications,  but  you  test  to  reliability.  At  tbe  MQT  date,  the  engine  is 
considered  suitable  for  operational  ust'  and  for  full-scale  production,  but  at  this 
l>oint  in  time  it  is  by  no  means  a fully  developed  product. 

The  CIP  funds  an  engineer  ng  ettbrt  to  correct  deficiencies  found  through  test- 
ing and  operating  the  engine  in  the  field,  to  improve  the  reli  .ibility  of  t he  hardwai  ", 
and  to  devise  new  repair  techniques  to  aid  base  and  depot  maintenance.  The  effort 
to  correct  deficiencies  involves  engine  design  changes,  whh'h  are  then  tested  to 
verify  that  parts  have  been  improved.  Perhaps  the  original  parts  were  breaking  or 
wearing  to  the  extent  that  thev  had  to  be  replaced  more  oflen  than  w as  considered 
normal  or  desirable,  and  the  weapon  system  therefore  laid  a lower  capability  than 
expected  (because  of  dow'ntime  while  engines  were  removed  and  replaced). 

There  is  a distinction  between  service-revealed  design  deficiencies  and  low 
reliability.  I^w  reliability  in  an  engine  may  be  tolerable  so  long  as  it  does  not 
threaten  imminent  catastrop’iic  failure  and  does  not  cause  a large  loss  in  capability 
vir  excessive  maintenance  costs,  B>'  contrast,  some  design  deficiencies  threaten 
catastrophic  failures  and  must  be  corrected  immediately  upon  discovery.  Mean- 
while, the  fleet  must  be  grounded.  That  distinction  must  be  kept  in  mind  when  one 
is  considering  a design  change  for  a particular  part. 
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CIP  money  is  also  used  to  reduce  costs  through  improved  parts  design.  Success- 
ful redesign  can  reduce  spare  parts  costs  and  production-unit  cost  for  new  engines 
ordered,  and  reduce  repair  costf  at  the  base  and  depot.  CIP  funds  are  also  spent 
on  evaluating  new  repair  procedures  for  base  and  depot  as  the  hardware  ages. 

Besides  these  activities,  it  was  conunon  practice  before  1969  to  use  part  of  the 
CIP  funds  to  enhance  the  performance  of  the  engine  or  prepare  it  for  a new 
application.  This  practice  is  no  longer  allowed.  Today,  any  funding  required  for 
those  purposes  must  be  identified  separately  v/ithin  the  allowable  budgetary  cate- 
gory. Unfortunately  for  this  analysis,  then,  pre'1969  CIP  data  are  not  sufficiently 
disaggregated  to  permit  identification  of  the  dollar  amounts  apportioned  to  the 
multiple  objectives  of  CIPs.  We  should  remark  in  passing,  however,  that  the  bound- 
ary line  between  parts  improvement  and  performance  enhancement  is  often  hazy 
to  begin  with.  Parts  improvement  can  either  improve  engine  durability/reliability 
at  the  same  performance  level,  or  improve  performance  at  the  same  durability/ 
reliability  level.  The  past  military  preference  has  been  for  performance  improve- 
ment— weapon  systems  can  always  use  a little  more  performance. 

In  the  present  analysis,  all  CIP  costs  are  included  for  all  years  and  all  sources. 
They  include  U.S.  and  overseas  allowances  against  sales  (for  instance,  J79  foreign 
sales  also  contribute  a portion  of  the  selling  price  to  CIP  funds).  All  CIP  costs  in  turn 
are  included  in  this  study’s  analysis  of  total  post-MQT  development  costs  over  the 
past  quarter  century. 

CIP  Costs 

What  has  been  the  magnitude  of  this  CIP  activity  and  how  does  it  relate  to 
money  spent  for  RDT&E?  An  analysis  of  eight  major  engine  programs  indicates 
that  more  money  has  been  spent  on  CIP  after  MQT  than  was  spent  to  get  to  MQT. 
The  costs  for  RDT&E  do  not  include  engine-related  costs  associated  with  weapon- 
system  flight  testing.  The  CIP  costs  reported  here  do  include  performance  enhance- 
ment and  additional  applications  within  specific  engine  programs  so  that  the  data 
are  consistently  defined.  The  eight  major  engine  programs  that  were  investigated 
were  the  J52,  J57,  J60,  J75,  J79,  J85,  TF30,  and  TF33.* 

Figure  3.5  presents  total  development  cost  profiles  over  tinm  for  these  engine 
programs,  normalized  to  their  cost  and  development  time  required  to  acl.  'eve  MQT. 
As  can  be  seen,  large  expenditures  ai  e made  for  a considerable  time  aflei  MQT.  In 
1975  dollars,  these  eight  engine  programs  required  $1.9  billion  to  achieve  MQT. 
I'hey  have  required  a total  of  $5  billion  to  date  for  total  development,  i.e.,  the 
combined  MQT  and  CIP  costs.  These  costs  include  the  performance  growth  and 
application  enhancement  funds,  which  are  substantial  in  any  program.  It  would  be 
useful  in  future  analyses  to  attempt  to  separate  the  performance  and  application 
monies  from  those  for  correction  of  deficiencies  and  reliability  improvements  for 
data  prior  to  1969;  a model  might  then  be  developed  on  the  basis  of  the  current 
definition  of  CIP. 

For  most  new  engines  over  a 15-year  life  cycle,  CIP  costs  will  probably  be 
somewhere  close  to  MQT  costs,  not  including  performance  enhancement  or  new 

• The  TF34,  TF.''9,  and  TF41  were  not  c onsidered  in  this  analysis,  because  their  introduction  into 
operational  service  has  been  more  recent.  1 ney  have  on  the  average  considerably  less  than  ten  years 
of  operational  experience. 
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Fig.  3.5 — Relative  development  costs  before  and  after  MQT 
for  selected  aircraft  turbine  engines  (Ref.  1) 


applications.  These  CIP  activities  definitely  should  be  identified  separately,  and  CIP 
considered  a cost  of  ownership. 

Cost  Models  for  Total  Development  and  Component 
Improvement  Programs 

For  use  in  this  study,  contractors  have  supplied  the  detailed  annual  costs  as- 
sociated with  individual  engine  CIPs.  These  costs  were  used  to  develop  models 
relating  the  continuing  CIP  cost  to  engine  parameters  of  interest,  so  as  to  obtain 
cost-estimating  relationships  (CERs).*  Parameters  expected  to  be  significant  or  to 
shed  light  on  CIP  costs  have  been  investigated.  They  include  variables  related  to 
the  physical  size  of  the  engine,  the  environment  the  engine  is  expected  to  operate 
in,  some  measure  of  the  operating  time  span  that  the  engine  has  been  out  in  the 
field  (related  to  its  maturation),  the  quantity  of  the  engine  produced  (which  would 
indicate  the  size  and  significance  of  the  program  and  thus  its  expecteu  level  of 
support  and  the  importance  of  correcting  engine  problems),  and  the  TO  A and  ATO  A 
terms  relating  to  user  preference. 

Models  were  examined  both  for  total  development  cost  (which  includes  the 
development  cost  to  MQT  plus  aP  the  continuing  costs  after  MQT),  and  for  only 
those  continuing  CIP  costs  after  MQT.  Table  3.11  presents  the  best  model  obtained 
for  total  development;  Table  3.12  presents  the  best  CIP  model.  For  total  develop- 
ment cost,  the  significant  variables  are  the  Mach  number  (the  severity  of  the 

• The  data  ba*e  used  in  this  analysis  is  expanded  from  that  in  Ref.  l 
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Table  3.11 

Total  DEVi:i.oPMENT  Cost  Model 

(In  millions  of  1975  dollars) 

In  TDC  - 0.97355  ♦ 1.23809  In  MACH  + 0.07345  In  QTY 

(10.26)  (6.75) 

♦ 0.40386  In  THRMAX  + 0.00918  ATOA26 

(2.11) 

r'*^  - 0.941 
SE  - 0.182 
F » 114.8  (4,29) 


Example:  J79  Engine 


Variable 

Value 

Calculation 

Elasticity 

Constant 

0.97355 

0.97355 

— 

MACH 

2.2 

0.97618 

1.2 

QTY 

13000 

0.69577 

0.1 

THRMAX 

17900 

3.95482 

0.4 

ATOA26 

11.8 

0.10832 

0.1 

In  TDC 

6.70864 

TDC 

$819 

NOTE:  Thus,  CIP  ■ $816  - $320  $499  million 

for  the  J79  example.  The  actual  value  at  that  point 
in  the  program  was  estimat.'d  to  Oe  about  $600  million. 


Table  3.12 

Component  Improvement  Program  Cost  Model 

(In  millions  of  1975  dollars) 


In  CIP  - -2.79026  + 0.78862  In  THRMAX  ♦ 0.04312  ATOA26  + 0.00722  OPSPAN 

(9.1)  (5.7)  (2.5) 


- 0.88 
8E  • 0.29 
F - 60.6  (3,22) 


Example:  J79  Engine 
Variable  Value  Calculation 


ConaUnt  -2.79026  -2.79026 

THRMAX  179C0  7 72261 

ATOA26  11.8  0.50882 

OPSPAN  80  0.67760 


Elasticity 


0.8 

0.5 

0.6 


in  CIP 
CIP 


6.01877 

$411 
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operating  environment),  the  quantity  of  engines  produced,  maximum  thrust  (the 
physical  size  of  the  engine),  and  ATOA  (the  increment  of  technological  advance 
sought)  as  obtained  from  the  TOA  methodology.  The  results  for  this  model  are  very 
good.  (R*,  standard  error,  and  F tests,  as  well  as  the  individual  t statistics  foi-  the 
coefficients  in  the  equation,  are  highly  significant.)  The  positive  and  negative  signs 
for  the  variables  occurred  as  one  would  expect  from  theoretical  and  practical 
experience,  and  the  indications  are  that  these  parameters  exert  a meaningful  effect 
on  costs.  Table  3.11  uses  the  latest  version  of  the  J79  engine  as  an  example.  Total 
program  procurement  is  13,300  engines.  Thrust  is  the  largest  explanatory  variable, 
while  Mach  number  has  the  largest  elasticity.  Again,  the  ATOA  term  significantly 
affects  cost:  if  it  had  been  zero  in  this  example,  the  cost  estimate  would  have  been 
about  10  percent  lower.  It  is  clear  that  higher  TOA  and  ATOA  incur  additional 
development  (and  component  improvement)  costs.  But  such  costs  may  be  justifiable 
if  they  benefit  a weapon  system  by  providing  an  engine  that  remains  competitive 
for  decades,  as  the  J79  does.  This  is  a matter  of  judgment  concerning  military  value 
versus  the  cost  to  obtain  it. 

It  is  interesting  that  thrusi  has  a similar  elasticity  for  development  and  total 
development,  while  the  Mach  number  elasticity  has  tripled  in  total  development 
compared  with  development  to  MQT.  A change  in  Mach  number  affects  total  devel- 
opment cost  more  than  it  does  development  to  MQT.  One  interpretation  is  that  the 
CIP  is  where  the  adverse  effect  of  the  environment  (operational  use)  is  really 
beginning  to  show  up,  and  that  perhaps  not  as  much  money  was  spent  on  develop- 
ment as  was  required  to  overconve  these  problems  earlier.  Mach  number  is  paid  fo«’ 
in  the  continuing  development  effort.  This  might  indicate  that  not  as  much  was 
spent  as  should  have  been  in  development  to  MQT  for  afterburning  engines.  Also, 
additional  Mach  number  is  oiie  of  the  performance  characteristics  that  was  im- 
proved and  paid  for  with  those  CIP  funds  prior  to  1969. 

An  early  planner  could  use  these  models  to  obtain  a range  of  est  imates  of  the 
total  development  cost  of  a new  engine  program  on  the  basis  of  these  parameters. 
The  quantity  term  can  also  be  viewed  in  the  context  of  time,  since  it  would  be 
associated  with  some  production  rate  and  introduction  of  the  weapon  system  into 
the  force.  Time  was  an  important  variable  in  the  development  to  MQT  model. 

The  model  of  component  improvement  cost  related  cost  to  the  thrust,  ATOA. 
and  the  operational  span  or  tinie  that  the  engine  was  in  operational  use.  As  seen 
in  Table  3.12,  the  statistics  in  this  case  were  not  as  good  as  the  total  development 
equation,  particularly  in  terms  of  the  sUmdard  error  of  the  estimate,  although 
again  the  coefficients  were  significant.  The  two  models  allow  alternative  ways  of 
obtaining  a CIP  cost.  Cost  estimates  obtained  will  differ  on  the  basis  of  either 
quantity  of  engines  produced  or  operational  time  span  of  the  progi-am.  While  the 
cost  estimates  obtained  for  the  J79  engine  from  the  two  approaches  are  not  particu- 
larly close,  they  do  indicate  a magnitude  in  excess  of  development  to  MQT  cost, 
which  is  itself  arj  interesting  finding 

Thus,  CIP“819  -320  =499  million  for  the  J79  example.  The  actual  value  at 
that  point  in  the  program  was  estimatt>d  to  be  about  $600  million. 

"'Tlu'  cost.**  include  the  perronnance  iinprovenienl  and  additional  iippliciitionsuhtaiiied  l>\'  a parlicu- 
I'lr  piojri'ain  over  the  years.  I*  was  not  possible  to  separate  those  costs  irom  the  <lata  Tor  programs  prior 
to  1969.  liecause  data  were  collected  then  hy  lunction  tengineerinK,  lest,  etc,'  rather  than  by  task 
(deficiency  correction  or  engine  growth).  Thus,  it  war  not  possible  in  this  study  to  obtain  costs  related 
only  to  reliability  growth,  ('or  instance.  It  is  hoped  such  data  might  b«>  obtained  in  the  I'uture. 
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Several  other  approaches  for  obtaining  a CIP  cost  model  were  attempted.  The 
ratio  of  toU\l  development  to  MQT  coats,  and  the  ratio  of  CIP  to  MQT  costs,  were 
investigated  as  well  as  a number  of  additional  interesting  variables.  None  of  these 
analyses  provided  n model  as  significant  as  the  models  shown.  One  of  the  variables 
of  interest  in  one  model  of  the  ratio  of  CIP  to  MQT  cost  was  the  maximum  time 
between  overhaul  (MTBO)  or  the  average  time  between  overhaul  (ATBO);  each  was 
used  in  the  mo^iel  (but  not  both  at  the  same  time)  and  entered  significantly.  This 
implies  that  the  CIP  cost  ratio  was  related  to  improving  time  between  overhaul  for 
engines;  tlie  more  money  spent  in  CIP,  the  higher  the  MTBO  and/or  ATBO.  If  these 
CIP  costs  can  be  disaggregate  d with  regard  to  the  varying  design  objectives  prior 
to  1969,  perhaps  more  information  will  be  forthcoming  in  future  work.  This  appears 
to  be  a fruitful  area  for  additional  investigation,  because  not  only  is  it  necessary 
to  understand  that  more  time  and  money  are  involved  in  the  continuing  develop- 
ment process,  but  seme  estimate  should  be  attempted  to  relate  the  benefit  gained 
to  this  CIP  money.  Questions  abound.  One  particular  question  appears  to  be  the 
missing  link,  which  must  be  addressed  in  future  work:  To  what  measured  extent 
do  CIP  expenditures  lower  ownership  costs  because  of  improvements  in  reliability, 
either  at  the  base  or  at  the  depot?  How  much  additional  reliability  can  be  pur- 
chased for  a certain  amount  of  additional  money  in  a specific  engine  program?  How 
much  more  time  is  needed  to  provide  for  feedback  in  the  development  process, 
which  ’vculd  allow  the  introduction  of  engineering  changes  into  the  hardware  to 
make  it  more  reliable  in  operational  use?  It  should  be  kept  in  mind  that  product 
improvement  money  related  to  increasing  the  time  between  visits  of  an  engine  to 
a depot,  or  related  to  reducing  the  removal  rate  of  an  engine  in  the  field,  while  it 
could  greatly  reduce  operating  costs,  could  also  greatly  increase  the  availability  of 
the  weapon  system.  Again,  benefits  as  well  as  cost.s  must  be  assessed. 

Depot  Costs 

The  primary  function  of  the  USAF  engine  depot  is  to  overhaul  engines  and 
accessories  to  restore  them  to  what  is  termed  a "zero-time”  status,  allowing  the 
overhauled  hardware  to  be  flown  again  to  the  maximum  time  allowed  by  mainte- 
nance policy  decisions.  The  depot  also  conducts  several  other  engine-related  repair 
activities.  They  include  immediate  correction  of  hardware  deficiencies  that  are 
causing  safety-of-flight  problems  and  could  result  in  grounding  of  the  fleet;  minor 
repairs  of  engines  that  do  not  need  major  repairs,  but  such  repairs  must  be  accom- 
plished at  a depot  rather  than  a base;  engine  modifications  to  replace  parts  that 
have  been  obsoleted  for  deficiency  or  reliability  reasons;  repair  of  reparable  parts 
and  accessories  removed  from  returned  engines  or  sent  in  from  the  field;  and 
replacement  of  reparable  parts  and  accessories  that  are  condemned.' ‘ For  new 
weapon  systems  entering  the  inventory,  initial  spares  stockage  costs  must  also  be 
accumulated.  To  understand  the  true  cost  of  operating  a depot,  all  of  these  activities 
and  their  associated  cost  elements  must  be  identified  and  accumulated. 

The  primary  measure  of  benefit  used  in  this  study  is  the  engine  flying  hour.  In 
examining  the  depot  portion  of  an  engine  life  cycle,  there  are  two  views  of  this 
benefit  for  estimating  costs  at  the  depot:  the  engine  flying  hours  consumed  by  the 

" System  Support  Stock  Funds  for  expendable  parts  must  also  be  included,  either  as  a direct  coat 
or  as  an  added  charge  to  the  direct  labor-hour  coat. 
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aircraft  fleet  during  operational  activity,  and  the  engine  flying  hours  restored  to 
the  fleet  by  the  depot  repair  activity.  Under  steady^state  conditions,  it  is  expected 
that  fleet  demand  equals  depot  supply,  so  that  consumed  flying  hours  (demanded 
by  the  user)  would  approximate  restored  flying  hours  (supplied  to  the  user  from  the 
depot).  In  any  given  year,  however,  this  is  not  necessarily  the  case.  Heavy  use  could 
result  in  more  consumed  than  restored  hours,  or  a large  modification  program 
could  result  in  more  restored  than  consumed  hours.  Moreover,  a new  engine  pro- 
gram consumes  more  flying  hours  initially  than  depot  activities  restore,  as  flight 
operations  build  up;  and  over  the  life  cycle  as  a whole,  flying  houi’s  consumed 
exceed  flying  hours  restored  because  obsolete  engines  are  not  repaired  prior  to 
disposal.  Thus,  both  flying-hour  measures  are  of  interest,  particularly  when  data 
are  limited  to  only  one  or  two  years  of  experience  and  such  experience  can  flu,  uate 
widely  from  year  to  year  in  the  depot.  (See  below,  ’Total  Depot  Repair  Costs."  and 
see  App.  C for  further  backup  material.) 

An  Engine  Single^Overhaul  Cost  Model.  The  major  depot  cost  is  considered 
to  be  the  cost  associated  with  the  "zero-timing”  process  for  an  engine.  In  that 
process,  the  engine  is  completely  disassembled  and  the  parts  go  off  in  various 
directions  to  be  reworked,  modified,  or  condemned  and  replaced  b.\  new  parts. 
Then,  as  the  "engine  nameplate”  moves  down  the  depot  floor,  similar  parts  conie 
back  tog'^ther  and  are  reassembled.  By  the  time  the  "nameplate”  gets  to  the  end 
of  the  line,  the  whole  engine  is  reassembled  and  is  considered  to  be  a zero-time 
engine;  that  is,  one  capable  of  achieving  the  full  maximum  overhaul  time  allowed 
for  that  engine  before  its  next  trip  to  the  depot.  Most  of  the  parts  now  making  up 
the  engine  were  probably  not  in  the  engine  when  it  arrived  at  the  depot. 

Fhe  cost  associated  with  the  whole-engine  overhaul  is  the  cost  of  labor  ai\d 
parts,  including  the  labor  for  whatever  modifications  are  incorporated  into  the 
qngine  while  it  is  in  the  depot.  The  modification  kit  parts  cost  is  not  included;  it  is 
a separate  account  provided  as  a "free  good”  to  the  depot  or  base,  wherever  the 
modification  is  being  accomplished.  Ail  of  the  parts,  labor,  and  overhead,  except 
modification  part'  incorporated  during  an  engine  overhaul,  are  considered  to  be 
within  the  curi-ent  cost  accounting  system,  which  is  the  principal  source  of  depot 
overhaul  cos*^-"  v ' nis  stud*  ’ The  cost  of  repairing  the  engine’s  reparable  parts 
is  charged  ^ vt  ».enta£:.  c me  latest  purchase  price  for  that  part.  This  percentage 
is  intended  ; ' low  some  portion  for  condemnations,  parts  no  longer  considered 
reparable. 

Costs  associated  with  zero-timing  an  engine  in  the  depot  have  been  obtained 
from  the  H036B  data.  Table  3.13  presents  the  engine  single-overhaul  cost  in  1975 
dollars  for  FY  1974  overhaul  of  engines  by  model.  The  table  also  presents  estimates 
of  what  the  engine’s  current  production  unit  selling  price  (CPUSP)  is  or  would  have 
been  in  1975  dollars  (a  number  of  engines  are  no  longer  in  production).  Estimates 
are  on  the  basis  of  the  last  previously  known  sale  and  the  inflation  that  has  ensued 
from  that  time,  with  some  cr.  -“borav  f these  costs  from  the  manufacturers.  The 

'*  Thi*  accountinx  system  was  initiated  by  DoD  Instruction  722tl.'<i9,  I’ntform  liepol  .VfuinlcMumf 
Cost  Accounting  c.nd  PiWuction  Rtportintt  Systcm.Dctober  28.  1968.  Data  were  obtaimni  bexinninx  in 
1972.  but  not  until  1974  were  they  considered  of  sufficient  quality  for  analysis.  The  data  in  this  chapter 
are  for  FY  1974.  The  DoD  Instruction  was  recently  superseded  by  Dol)  Directive  7220.29,  tH'tob»>r  1975, 
which  now  provides  the  xuidance  in  a.Tountinx  ' ” and  reportinx  the  costs  of  depiU  nraintenance  and 
maintenance  support.  Becouse  the  first  year  co\  y the  Handbook  will  be  FY  1977,  data  fitrm  this 
new  system  will  not  be  available  for  analysis  " -78. 


Engine  Overhaul  Cost  as  a Percentage  of  Estimated 
Current  Production  Unit  Selling  Price,  FY  1974 
(In  1975  dollars) 


Quantity 

Engine  Overhauled 

Overhaul  Coat 
($  thousand) 

CPUSP  (eat.) 
($  thousand) 

Overhaul 
Coat/Bngine 
Procure  nent 
Coat  %) 

J57-P-19/29 

113 

49.3 

350 

14 

-21 

167 

57.2 

400 

14 

-43 

368 

56.8 

350 

16 

J75-P-17 

77 

72.2 

500 

15 

J79-GE-16 

462 

58.9 

450 

13 

-17 

265 

46.5 

450 

10 

TF30P-3 

137 

73.3 

900 

8 

-100 

18 

166.7 

1100 

15 

TF33-P-3 

101 

63.7 

400 

16 

-7 

207 

71.0 

400 

18 

TF3943E1 

113 

174.0 

1000 

17 

TF41-A-1 

115 

72.6 

550 

13 

table  contains  costs  to  overhaul  an  engine,  the  engine's  current  price,  and  overhaul 
cost  as  a percentage  of  current  price.  It  would  appear  that  it  costs  in  the  range  of 
10  to  20  percent  of  an  engine's  current  price  to  overhaul  it. 

A single-overhaul  cost  model  was  obtained  for  the  data  presented  in  Table  3.14. 
The  model  is  shown  in  Table  3.15.  The  o.  erhaul  cost  is  related  to  the  current 
production  unit  selling  price  (CPUSP)  of  the  engine  and  its  physical  size:  the  more 
expensive  the  engine,  the  higher  the  overall  cost,  and  the  larger  the  ei.^ne,  the 
higher  the  overhaul  cost.*®  Production  learning  and  state-of-the-art  elfects  are 
included  indirectly  in  that  they  aft'ect  CPUSP  through  the  KPUSP  model,  progress 
slope  assumed,  and  quantity  procured.  The  data  used  were  for  a very  limited 
cross-sectional  sample — only  one  year  of  data  for  twelve  engines,  and  one  year  does 
not  reflect  depot  learning.  Longitudinal  data  and  additional  data  points  are  needed 
to  improve  the  model.  An  example  of  the  application  of  the  model  to  the  J79  is  also 
presented  in  the  table,  showing  good  agreement  with  J79  costs.  The  most  impormnt 
contributor  to  the  calculation  is  CPUSP,  which  also  has  the  highest  elasticity. 

Depot  Repair  Frequency.  An  aircraft  turbine  engine  being  a mechanical 
device,  its  failure  history  can  be  expected  to  approximate  a normal  distribution: 
fewer  failui*es  for  a lower  number  of  flying  hours,  most  failures  at  some  average 
value  of  flying  hours,  and  again  f wer  failures  at  a higher  accumulation  of  flying 
hours  for  a given  population  of  engines.  This  is  portrayed  in  part  (a)  of  Fig.  3.6, 
which  presents  a normal  distribution  and  accumulation  of  the  normal  distribution 
resulting  in  the  classical  S-curve.  The  flying  hours  obtained  increase  as  the  engine 

Note  that  THRMIL  rather  than  THRMAX  was  siunilicunt.  Enginea,  as  a rule,  are  returnwl  to  the 
depot  without  afterburners. 
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Table  3 14 

Data  for  Dfpot  Sinolk-Ovcrhaui.  Cost  Mouri. 

(In  1976  dollars' 


Engine 

THRMIL 

(lb) 

CPUSP 
($  thousand) 

Single- 

Overhaul  Coat 
(3  thousand) 

J57-P-19/29 

10,500 

350 

49.3 

J67-P-21 

10,200 

400 

67.2 

J57  P-t3 

11,200 

360 

56.8 

J75P-17 

16,100 

600 

72.2 

J79-OE15 

10,900 

450 

58.9 

J79-aE17 

11,870 

460 

46.5 

TF30-P-3 

10,760 

900 

73.3 

TF30P-100 

14,560 

1100 

165.7 

TF33P-3 

17.000 

400 

63.7 

TF33P-7 

21,000 

400 

71.0 

TFSO-GE-l 

40,800 

1000 

174.0 

TF41A1 

14,600 

560 

72.6 

NOTE;  D«U  are  for  FY  1 974. 


Table  3.15 

SlN(U,E-OvKRHAUt  CoST  MuUEt 

(In  thousands  of  1975  dollai's' 


In  SOHC  - -4.27651  ♦ 0.70741  In  CPUS?  ♦ 0.43167  In  TIIRMIL 

(6.2)  (3.1) 

r2  - 0.87 
SE  « 0.17 
F-  31.0(3,8) 

Example;  J79  Engine 

Variable  Value  Calculation  Elasticity 


Constant 

CPUSP 

THRMtL 


-4,27651 

460.0 

10900 


-4.27661 

4.32174 

4.01210 


0.7 

0.4 


In  SOHC  4.06733 

SOHC  - 357.8 


NOTE;  Based  on  FY  1974  data  in  Table  3.14. 
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Fig.  3.6— Impact  of  MTBO  on  engine  depot  removal  frequency 
during  maturation  of  an  aircraft  turbine  engine 


matures;  thus  the  normal  distribution  moves  to  the  right  as  engine  reliability 
improves.  On  the  average,  it  is  to  be  expected  that  engirds  returned  to  the  depot 
for  unscheduled  overhaul  will  follow  this  kind  of  distribution. 

The  problem  during  early  operational  use,  when  engines  are  just  beginn'ng  to 
accumulate  flight  experience  and  the  first  engines  begin  to  show  up  at  the  depot, 
is  to  attempt  to  assess  where  the  small  initial  sample  of  early  failures  fits  into  the 
distribution.  This  is  why  appropriate  testing  in  the  development  program  and  early 
lead-the-fleet  testing  with  a reasonable  sample  sice  are  so  important  to  begin  pro- 
viding information  on  the  character  of  the  distribution. 

Air  Force  policy  has  been  to  set  some  maximum  time  between  overhaul 
(MTBO)  for  a particular  engine,  at  tho  end  of  which  time  it  must  be  returned  to  the 
depot  for  overhaul  regardless  of  how  well  it  is  working.  As  the  average  time 
between  overhaul  (ATBO)  experience  improves,  with  improvements  to  the  engine 
through  CIP,  the  maximum  time  between  overhaul  (MTBO)  is  usually  increased. 
Increasing  MTBO  is  a policy  decision  based  on  actual  experience  with  ATBO.  At 
some  point,  however,  the  MTBO  is  usually  determined  to  be  lottg  enough  and  is  not 
to  be  increased  fUrther.  One  reason  may  be  to  prevent  the  engine  ftom  remainin. : 
in  the  field  for  what  is  considered  too  long  a time  (e.g.,  five  to  six  yenrs).  at  the  risk 
of  a higher  probability  of  in-flight  failure  and  corrosive  damage  to  parts,  which 
might  more  than  outweigh  the  cost  of  more  fVequent,  but  less  expensive,  depot 
visits.  As  the  engine  ATBO  continues  to  improve  with  no  increase  in  MTBO,  the 
distibution  then  becomes  truncated.  This  is  illustrated  in  Fig  3.6(b).  Differing 
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experience  can  be  aeen  for  several  engines  in  the  Air  Force  inventory  in  Fign.  3.7 
I and  3.8  for  the  TF3t)  and  the  J79.  As  of  1974,  the  TF30  appeared  to  be  still  maturing, 

^ with  its  ATBO  and  MTBO  continuing  to  increase,  indicating  the  normal  distribution 

! of  engines  returned  to  the  depot,  while  the  J79,  which  is  considered  mature,  has 

not  had  its  MTBO  increased  for  over  a decade,  and  its  distribution  has  become 
f highly  truncated. 

f What  can  be  concluded  fVom  this  situation?  It  would  appear  that  overhaul 

intervals  can  be  lengthened  if  the  service  so  desires,  An  on-condition  maintenance 
program,  with  engine  diagnostics  and  trending  provided  by  some  engine  h ealth 
monitoring  system,  might  prove  beneficial  in  such  a situation.  Such  a program 
would  be  beneficial  not  only  for  extending  overhaul  intervals  in  the  long  term,  but 
also  fbr  understanding  probletris  earlier  and  achieving  longer  overhaul  intervals 
sooner,  which  may  be  the  more  important  reason  for  on-condition  maintenance  in 
the  military. 

On  the  other  hand,  as  noted  above,  there  are  valid  reasons  for  not  extending 
overhaul  intervals  to  the  straining  point.  As  an  engine  matures,  the  situation 
certainly  becomes  more  comfortable  to  manage.  The  engine  overhaul  progranr  is 
easier  to  schedule.  Failure  modes  of  engines  scheduled  to  those  MTBOs  are  fairly 
well  known.  If  this  is  the  situation  that  is  desired,  then  perhaps,  at  this  point  in  an 
engine’s  maturity,  consideration  should  be  given  to  eliminating  ibrther  CIP  efforts 
and  reducing  changes  and  modifications,  thereby  reducing  even  further  the  pertur- 


Fig.  3.7 — A maturing  engine;  TF-30-P-3  data 
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Fig.  3.8 — A mature  engine:  J7!)-C5E-15  daU 


bu'vion  to  the  depot  and  maintenance  system  caused  by  these  changes.  Tlie  Air 
Foixe  is  in  tlie  business  of  managing  thousands  of  engines,  and  there  may  con\e  a 
time  for  any  given  engine  model  when  the  marginal  improvement  to  the  engitie  is 
not  worth  the  perturbation  to  the  repair  and  supply  systems  tparticularly  if  atten- 
tion must  l>e  focused  on  the  newer  engines  entering  the  inventoryt  ami  it  is  desir- 
able to  stop  at  some  MTBO  value.’* 

From  data  obtained  ft'om  the  Air  Logistic  Centei's,  it  appears  that  an  engine  will 
visit  the  depot  on  the  average  alwut  three  to  six  times  in  a 15-year  life  cycle.'*  In 


' * This  irunout  ion  cnusett  by  fixing  MTBO  is  not ;» factor  in  i^nnni  tx  ial  experience  tistay . The  airlines' 
on  iMiutition  maintenance  policy  allows  engines  that  ate  operating  well  to  continue  otierating;  the\  aiv 
not  arbitrarily  renwvext  for  maintenance  at  s»ime  fixed  time  interval  lat  least  until  maxinuim  tinn'  I'or 
ftarts  life  is  leachexlV  The  airlines  would  view  such  a truncation  as  an  inetficieiicy  that  piwenitM  them 
iHim  getting  fUll  fl>'ing-hour  value  rtxtm  the  haixlv.are.  Thus,  it  would  1h'  exiHetcnl  tliat  cvunmeivial 
ex|H»rieni.e  would  more  nearly  appieximate  the  classical  noni'.al  distribution  thoughout  the  ownership 
life  of  a jtarticular  engine.  The  commercial  prdicy  is  not  one  of  "fly  to  failuix'."  however  The  airlines 
miuiiv  tH'rlbrmance  monitoriitg  iK'rfonnance  trending  analyses,  and  time  tracking  ol'|uirts  to  achieve 
onwondition  maintenance  and  fblly  utilise  the  modularity  fi'atuix'  of  new  engine  design  .\ls<i.  lHs'aus«> 
they  accunuilate  flying  hours  much  faster  than  the  Air  Force,  they  sc  the  average  engine  nnicli  ortein'r 
than  the  Air  Force  does,  des|tite  their  on-condition  maintenanct'  isilicy  Kven  so.  them  has  Ihh'o  some 
concern  raised  recently  that  the  airlines  may  have  gone  too  far  with  on-rxindition  maintenaiuv  Commer- 
cial experienct'  is  discussed  in  Chap.  4. 

“ Kstimateii  IVom  data  in  iX'AhC  actuarial  tables,  issued  quarterly 
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general,  the  lower  figure  applies  to  subsonic  transports,  tankers,  and  bombers,  and 
the  higher  figure  to  supersonic  fighters.  Frequency  also  depends  on  the  flying-hour 
program  and  severity  of  the  particular  mission.  For  instance,  if  a transport  starts 
with  a 1000-hour  MTBO  and  builds  to  5000  hours  over  its  life,  and  it  is  expected 
to  fly  600  to  1000  hours  in  a year,  that  engine  might  be  expected  to  go  to  the  depot 
at  least  three  timss.  A fighter  engine  may  accumulate  only  200  to  300  flying  hours 
in  a year,  but  its  MTBO  will  probably  start  at  several  hundred  hours  and  take  a 
number  of  years  to  build  to  1000  hours  or  higher.  Such  an  engine  might  be  expected 
to  visit  the  depot  five  or  six  times,  depending  on  how  long  it  takes  ATBO  to  increase 
during  the  early  years.  It  must  be  noted  that  the  visit  rate  to  the  depot  is  deter- 
c mined  by  actual  experience  (ATBO),  which  in  earlier  years  runs  about  half  of 

MTBO.  Thus,  the  range  of  three  to  six  times,  depending  upon  application,  appears 
reasonable. 

An  attempt  was  made  to  develop  ATBO  and  MTBO  models  for  this  study. 
Obviously,  each  is  highly  dependent  upon  the  other.  Other  variables  do  not  add 
appreciably  to  any  model  in  which  one  is  the  dependent  variable  and  the  other  the 
independent  variable.  When  MTBO  is  not  allowed  to  enter  the  ATBO  model,  or  vice 
versa,  then  other  variables  become  significant.  CPUSP  enters  both  ATBO  and 
MTBO  negatively.  The  implication  is  that  the  moro  expensive  engines  are  also 
more  advanced,  more  complex,  and  less  reliable,  and  therefore  do  not  provide  as 
high  an  ATBO  or  MTBO  as  lower-priced  engines.  The  models  obtained  are  present- 
ed in  Table  3.16  for  information  purposes  only.  The  statistics  are  not  particularly 
good.  Additional  work  is  needed  in  this  area.  It  is  hoped  that  improved  models  can 
be  developed  as  more  and  better  data  become  available. 

Table  3.16 

MTBO/ ATBO  Mouei,s 

In  ATBO  - 7.79136  - 1.96211  In  CPUSP  + 1.21296  In  THRMIL 

(3.6)  (2.2) 

- 0.60 
SE  - 0.67 
F - 6.8  (2,9) 

In  MTBO  - 12.38270  - 2.02554  In  MACH  - 0.67134  in  CPUSP 

(3.1)  (1.5) 

0.05854  ATOA26 
(1.4) 

- 0.65 
SE  - 0.58 
F - 5.0  (3,8) 


Total  Depot  Repair  Costs.  The  full  cost  of  engine  depot  repair  activity  is  the 
sum  of  the  costs  associated  witt  U the  zero-time  overhaul  (including  MISTR).  2) 
minor  repair,  3)  MISTR  repair  . upport  to  the  field,  4)  modifications,  and  5)  the 
purchase  of  expendable  and  reparable  parts.  It  was  not  possible  during  this  study 
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to  olU'iiit  co«t«  asMCH'intod  with  iniKiiU'  iiuxiitkiition  kits  (UIMl(M)  accour.O  bocanw 
tlu'80  (\iad«  were  i.at  broken  down  below  weaiwn-ay-ttom  level.  Tbeee  coata  abould 
int'hided  in  fXttviiH'  atudy  ellbrta  to  provide  an  improved  pei-apective  ot'total  depot 
(and  baat')  eoata.  The  other  budget  aceounta,  provided  by  engine  I'ainily  (not  by 
application),  include  BIMRlKH),  SupjM)rt  Syatem  Stwk  Fund  (SSSK),  and  the  initial 
lay-in  ol'aparea  under  BP16(H).  The  Bl*16t)0  account  waa  also  unavailable  for  t!>e 
older  engines;  it  must  be  retained  in  the  (\iture. 

Table  B,17  preaenta  depot  coat  data  for  12  enginea,  uaing  the  llOiUSB  report,  an 
iiatimate  for  MISTR  field  aup|M)rt,  and  an  allocation  of  UlMRtK)  coata,  The  table  liata 
eCi  ;ine  Hying  houra  cona.inied  (KFHO  by  the  fleet  and  engine  Hying  houra  reatored 
(KFHR)  by  the  depot  (aa  it'preaented  by  the  zero-timing  of  enginea  for  that  yt'ar). 
The  ratio  between  the  two  variea  conaiderably.  Total  coata  are  abown  for  KKI  ft'  and 
KFIIH.  The  MISTR  support  and  BIMRtK)  are  ba.aed  on  KKllt'  for  both  costa,  since 
they  do  directly  aupiMtrt  the  entire  flying  program  in  a given  year.  For  the  mature 
enginea,  it  cun  Ih'  a«H'n  tba*  the  coats  are  witain  a leaaonably  narrow  range,  thus 
describing  a fairly  atoady-atate  situation,  whereas  for  some  newer  enginea  (e  g.,  the 
TF;U).  TFdt),  TFll),  the  coat  compariaon  ladween  consumed  hours  and  reatored 
hours  ahowa  a wider  range.  Heenuae  consumed  flying  hours  .substantially  exceed 
reatored  fly  in  / hours  for  a newer  engine  program,  the  cos:  per  reatored  engine  hour 
represents  more  cloaely  what  the  Aiture  depot  co.st  will  be  tbait  if  's  the  coat  per 
consumed  flying  hour. 

A total  depot  coat  model  was  obtained  uaing  the  data  in  Table  ;1,18.  The  results 
are  giveit  in  Table  fl.lJ),  The  ahttiatical  reaults  are  good  iit  spite  of  data  and  time- 
period  lintituliona,  Again,  the  independent  variables  enter  with  intuitively  satisfy- 
ing signs.  Using  engine  boura  reatored  at  the  depot  in  the  cost  model  provided 
better  reaults  t ban  using  the  coat  data  related  to  flying  hours  consunu'd  by  the  fleet . 

Table  d.lfl  contains  an  example  for  tbe.tTfl.  The  single  mo.st  significant  explana- 
tory variable  was  ATIU),  the  actual  fVeouency  of  depot  visits.  Howevt'r,  the  largest 
contributor  to  the  calculation  and  the  variable ’.vith  the  highest  elasticity  iat’I’l'Sl*. 
with  ATIK)  second  Vs  mentioned  for  the  single  i>verbaul  ciist  model,  learning  and 
state  of  the  art  a ncluded  indirectly  tbrough  UPUSP.  If  successful,  eflbi  ts  to 
increase  ATIH)  by  uaing  engine  diagnostic  syatems  under  ar.  on-coiulilioii  mainte 
nance  policy  would  reduce  depot  costs. 

What  does  a depot  repair  program  for  an  engine  cast?  From  the  data  analyzed, 
it  appears  that  a single  overhaul  costa  about  10  to  20  percent  of  the  current  procure 
ment  coal  of  that  engine  tin  conotant  dollars).  MiHliflcatioita  to  engines  mspirt>d  by 
serious  flight  deficiencies  not  associated  with  zero-liming  the  engine  will  incur 
additional  costs  for  that  engine  at  the  vle|H)t,  and  the  coata  will  vary  with  the 
maturity  of  the  engine,  In  addition,  MISTR  support  for  components  returned  IVom 
the  field,  and  the  replacement  of  condemned  reparable  p.irts  and  accesaorit's  during 
component  repair,  can  add  10  to  100  percent  to  the  total  engine  program  overhaul 
cost  in  any  given  year. 

On  the  average,  an  engine  can  go  through  d«'pot  overhaul  three  to  six  times  or 
more  during  a IR-year  o(H'rat.ional  life  cycle  Subaomc  Iran  port  enginea  fall  at  tne 
lower  end  of  the  range,  and  au|H'rw>nic  fighter  enginea  at  tiie  uptH'i-  ATIU)  is 
substantially  leas  tiian  MTIU),  particularly  in  the  early  maturation  jX'riiMl  of  an 
engine:  consequently,  average  actual  re|>nir  times  are  of  primary  interest  for  depot 
coats.  F.ngines  seem  to  go  to  overhaul  more  fW'quently  in  their  earlu'r  yean*  and 


1 


i 


I 


42 


Table  3.18 

Data  for  Depot  Total  Cost  Model; 
H036B  Modified  Data,  FY  1974 
(In  1975  dollars) 


Engine 

ATEO 

(hr) 

CPU8P 
($  thouaand) 

OPSPAN 

(qtr) 

ATOA26 

(qtr) 

DCEFHR 

($/EFHR) 

J67-P-19/29 

3666 

350 

75 

4.7 

35 

J57-P-21 

752 

400 

76 

•J.7 

165 

J57-P-43 

3273 

360 

73 

4.7 

46 

J75-P-17 

874 

500 

60 

-2.5 

146 

J79-GE15 

948 

450 

56 

11.9 

83 

J79-GE-17 

1057 

450 

29 

11.9 

64 

TF30P-3 

556 

900 

30 

6.2 

296 

TF30-P-100 

374 

1100 

12 

6.2 

622 

TF33P-3 

2880 

400 

56 

-0.9 

32 

TF33P-7 

6934 

400 

45 

-0.9 

17 

TF.S9-GE-1 

1200 

1000 

18 

4.1 

160 

TF41A-1 

333 

550 

20 

-7.0 

385 

Table  3.19 

Depot  Cost  Per  Engine  Flying  Hour  Restored: 
12  Data  Points,  FY  1974 
(In  1975  dollars) 


In  DCEFHR  - 2.76182  -0.90604  In  ATBO  ♦ 1.2607  In  CPUSk* 

(10.17)  (4.16) 

♦ 0.01  ? 04  OPSPAN  - 0.02246  ATOA 
(2.24)  (1.87) 


• 0.976 
SE  - 0.22 
F - 67.6(4,7) 


Er-mplf : 

Variable  Value 

Conatant  2.76182 

ATBO  1057 

OPUSP  160 

OPSPAN  29 

Ai-OA  1,1.8 

in  DCEFHR 
DCEFHR 


J79  Engine 

Calculation  Eleaticity 

2.76IH2 

-6.30893  0.9 

7.70217  1.3 

0.32016  0.4 

9.2649  1 0.3 

4.21031 

67 
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cost  more  to  overhaul  in  later  years,  because  parts  in  older  engines  are  more  often 
condemned  and  replaced;  the  situation  must  therefore  be  viewed  in  a total  context, 
not  solely  in  a mature-engine  steady-state  context. 

When  the  single  overhaul  cost,  added  support  costs,  and  frequency  of  depot  visit 
are  combined,  the  results  indicate  that  total  depot  costs  for  an  engine  during  a 
15-year  operating  span  can  exceed  its  procurement  cost. 

Base  CfMits 

Ao  mentioned  earlier,  specific  weapon-system-related  costs  are  significantly 
lacking  at  the  base  level.  Bases  apparently  do  not  have  a single  integrated  data 
source  for  all  costs  related  to  engine  maintenance.  Accordingly,  this  study  uses  data 
from  a variety  of  sources  to  estimate  the  base  labor  and  parts  costs  for  selected 
engines  in  the  Air  Force  inventory.  (See  App.  D.  for  additional  discussion.) 

Engine  costs  at  the  base  are  related  to  maintenance  labor,  parts,  and  support 
for  the  following  activities;  unscheduled  flight-line  maintenance;  unscheduled 
maintenance  in  the  shop,  including  removal  and  replacement  of  engines  and  acces- 
sories; periodic  scheduled  maintenance  (including  base-installed  modifications);  en- 
gine test  and  checkout  before  installation;  and  removal  and  replacement  when  an 
c ngine  is  to  be  returned  to  the  depot.  Existing  maintenance  data  indicate  that  from 
one-half  to  two  maintenance  man-hours  are  expended  per  flying  hour  on  the  en- 
gine.s  of  a va'-iety  of  weapon  systems.  In  using  such  data,  however,  the  analyst  must 
take  care  that  they  cover  all  engine-related  work— not  only  unscheduled  mainte- 
nance, but  also  scheduled  maintenance  and  engine-related  accessories — and  that 
they  exclude  repair  of  aircraft-related  engine-mounted  accessories  (QEC  items). 
Also,  such  data  represent  labor  utilized.  When  available  engine  shop  personnel  are 
counted,  the  maintenance  labor  available  is  on  the  order  of  one-half  to  two  mainte- 
nance man-years  per  poGsessed  engine  o,  the  base;  this  can  translate  into  three  to 
six  maintenance  man  hours  per  flying  hour,  depending  on  the  particular  weapon 
system  and  its  flying  hour  program. 

Available  inaiipower  is  what  the  Air  Force  is  paying  for  in  terms  of  total 
maintenance  labor  cost.  A policy  has  been  determined  concerning  the  necessary 
manning  for  a wartime  contingency  (the  number  of  personnel  required  to  support 
the  weapon  system  in  a wartime  environment),  and  the  Air  Force  is  paying  for  that 
level  of  labor,  even  if  it  is  not  fully  utilized  in  peacetime. 

At  present,  one  approach  to  the  base  cost  of  maintenance  labor  for  an  engine 
is  to  examine  the  Unit  Deuil  Listing.  As  indicated  above,  data  from  several  .selected 
bases  indicate  that  maintenance  labor  will  vary  from  oue-half  to  two  maintenance 
man-years  per  possessed  engine,  depending  on  the  particular  engine.  Some  ad- 
ministrative and  support  costs  must  be  added  to  this  direct  labor  cost  (a  50-percent 
add-on  is  assumed  here).  Thus,  one  maintenance  man-year  is  estimted  to  cost 
$10,000  in  direct  labor  and  an  additional  $5000  in  indirect  costs,  for  a total  of 
$15,000  per  maintenance  man-year.  Expendable  par.-ts  must  be  estimated  (a  range 
of  from  more  than  $1000  to  less  than  $5000  per  engine  per  year  is  indicated  for  the 
first-line  engines,  again  depending  on  the  engine)'®  from  an  examination  of  KMS, 

'*  For  iiislhm'f,  tin- J7M  GK-17  or.  tin-  K-lKiil  S«-yniour  Johnson  AFB.  .Norll\  t'ariilina.  ri  iiuifos  aUuit 
2/.‘J  maintenance  mnn-yeur  pel'  poswtiseii  engine  Cor  tlie  buae.  and  supply  accounts*  indicate  about 
IHir  oi'-Kine  per  yea-  in  expenditure*  for  FY  1975.  On  the  Imsis  of  2(X)  flying  hours*  per  eiiKine  iht  y.Mir, 
a cost  of  $57,60  per  cnijine  flyinjt  (tour  would  1h‘  eHtinuited  for  bam*  stuptsort. 


depot  supply,  <ind  engine  manager  accounts.  It  appears  that  although  this  total  base 
cost  may  be  less  than  depot  costs  for  most  engines,  it  is  a significant  amount. 

An  effort  was  made  to  relate  base  costs  obtained  from  estimates  of  propulsion 
shop  manning  and  supply  expense  to  patameters  of  interest  in  order  to  obtain  a 
base  cost-estimating  relationship  (CER).  A range  of  costs  were  obtained  (see  Table 
3.20).  The  maintenance  man-years  per  possessed  engine  ranged  from  1/2  to  I for 
most  engines  in  the  inventory.  Supply  expense  varied  as  shown  in  the  table.  An 
average  value  was  then  used  in  generating CERs.  The  specific  data  used  to  generate 
the  base  cost  model  ate  presented  in  Table  3.21 . The  results,  presented  in  Table  3.22, 
are  interesting  in  indicating  explanatory  variables,  but  the  model  should  be  viewed 
cautiously  because  of  the  nature  and  limitations  of  the  data.  For  base  maintenance 
costs,  MTBO  (the  policy-determined  maximum  time  between  depot  overhaul)  was 
most  significant,  entering  the  relationship  negatively.  Thus,  successful  efforts  to 
extend  MTBO  would  reduce  base  costs,  since  periodic  scheduled  inspections  are 
directly  related  to  MTBO  and  are  a significant  portion  of  propulsion  shop  activity. 
OPSPAN  entered  positively;  the  longer  an  engine  is  in  operational  service,  the 
more  costly  it  is  to  maintain  at  the  base.  CPUSP  entered  positively;  the  more 
expensive  the  engine,  the  more  it  costs  to  maintain  at  the  base.  U would  appear, 
then,  that  efforts  to  increase  MTBO  (on-condition  maintenance  using  engine  health 
monitoring  or  diagnostics  systems)  and  decrease  the  engine  selling  price  could  work 
toward  lowering  base  maintenance  cost.  As  discussed  previously,  production,  learn- 
ing, and  state-of-the-art  effects  could  be  considered  us  included  indirectly  through 
CPUSP.  Again,  it  must  be  emphasized  that  this  model  represents  only  the  grossest 
cost  estimates  for  the  base.  An  improved  model  must  await  better  data  from  new 
or  improved  base  data  collection  systems  and  detailed  examination  of  base-level 
data. 


Tabic  3.20 

Base  Labor  and  Matgriai.  Costs  Per  Engine  Flying  Hour  Consumei', 

FY  1974  Data 
(In  1975  dollars) 


SiPmat«d  Range  E^alimatec*.  Range  Average 


Engine 

of  Maintenance 
Man-yeara  per 
PoHeMcd  Engine 

of  MavtrinI 
Expense  per 
Pomwed  Engine 

Tout 
Engine* 
in  liiyentory 

BFHC 
per  Year 

EFHC 
per  Yefc,r 
per  Engine 

Range  of 
Base  Cost 
per  EPHC 

J57P-i9/29 

O.B-  1.0 

1000  - 2000 

232H 

376,936 

131 

63 

106 

J6V-P-21 

0.6  - 1.0 

1000  - 2000 

707 

91,383 

119 

71 

'42 

jr)7-P-43 

0.6-  1.0 

1000  - 2000 

2434 

80,716 

329 

26 

63 

J7,A-P-17 

o.e  - 1.0 

1000  - 2000 

338 

69,627 

IV  6 

48 

96 

J79'i..C-15 

0,6  - 1.0 

1000-  2000 

2874 

677,821 

201 

42  - 

HI 

J79-OE-n 

0.6  - 1.0 

1090  1000 

1670 

307,141 

196 

4a 

S6 

TF30->3 

OX  1.0 

26CC  - f.900 

100,462 

190 

63 

106 

TF30-?-I00 

9.6  - 1.0 

2600  - 6000 

236 

37,046 

161 

62  - 

124 

Tra.i  ?-d 

0.5  - 1.0 

1000  - 2000 

8H0 

169,009 

336 

26  - 

50 

TF3vJ-P  7/7A 

0.6  - 1.0 

1000-  2000 

1700 

1,242,214 

V31 

12 

24 

TF390B-X/1A 

1.0-  2.0 

2600  - 6000 

426 

189,336 

446 

39 

78 

TF41-A-1 

0.6  - 1 .0 

S500  - 6000 

620 

111,406 

214 

47  - 

94 

46 


Table  3.21 

Data  for  Base  Maintenance  Cost  Model,  FY  1974 
(In  1975  dollars) 


Engine 

MTBO 

(hr) 

CPUSP 
($  thouaand) 

OPSPAN 

(qlr) 

BMC  EPHC 
($/BPHC) 

J67-P-19/29 

4000 

350 

75 

80 

J67-P-21 

1000 

400 

76 

107 

J67-P-43 

4000 

350 

73 

39 

476-P-17 

1200 

600 

60 

72 

J79-OE<16 

1200 

460 

66 

63 

J79-QE-17 

1200 

460 

29 

66 

TF30-P-3 

1000 

900 

30 

80 

'TWSO-P-lOO 

600 

1100 

12 

9.S 

•.  -3 

4000 

400 

66 

38 

J 7 

9000 

400 

45 

18 

1F39-OE1 

3000 

1000 

18 

60 

‘i741*A*l 

760 

650 

20 

71 

Table  3.22 

Base  Maintenance  Cost  Per  Engine  Flying  Hour  Consumed; 

12  Engines,  Fy  1974  Data 
(In  1975  dollars) 

In  £MCE7HC  • 3.60819  - 0.47467  In  MTBO  0.01299  OPSPAN  0.66739  In  CPUSP 

(4.47)  (2.24)  (1.64) 

R*  - 0.79 
SB  • 0.26 
F - 10.0(3,8) 

Example : J79  Eingine 

Variable  Value  Calculation  Elaaticity 

CinsUnt  3.60819  3.60819  - 

MTBO  1200  -3.36474  -0.5 

OPSPAN  29  0.37671  0.5 

CPUSP  450  3.46633  0.6 


In  BMCBFHC 
BMCEFHC 


3.98640 

54 
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Spare  Engines 

Spare  engines  add  approximately  25  to  50  percent  to  the  installed  engine  in- 
ventory in  the  Air  Force,  and  thus  account  for  at  leabt  20  percent  of  the  total 
procurement  cost  of  engines  for  a weapon  system.  They  also  have  the  effect  of 
diluting  the  number  of  expect^^J  flying  hours  per  engine  over  the  life  cycle.  (See 
App.  E for  further  backup  data  and  discussion.)  For  example,  an  engine  designed 
to  operate  for  5000  flying  hours  within  a specified  life  cycle  will  probably  fly  only 
around  4000  hours,  on  the  average,  if  it  has  a 25  percent  spares  ratio.  Table  3.23 
presents  data  for  15  Air  Force  engines.  The  spares  ratio  appears  to  be  application- 
oriented,  in  that  the  lower  percentages  appear  to  apply  primarily  to  subsonic 
transport  and  bomber  aircraft  and  the  higher  percentages  to  attack  and  supersonic 
fighters.  The  cost  of  spare  engines  can  be  handled  directly  when  computing  the  total 
cost  for  quantity  of  engines  procured  during  a weapon  system’s  lifetime,  assuming 
a spare  engine  ratio.  Spare  engines  bought  during  the  same  period  as  the  installed 
engines  should  have  the  same  progress  slope  applied,  and  indeed  should  help 
reduce  the  cost  of  future  engines.  The  spares  merely  add  to  the  total  quantity  of 
engines  to  be  bought.  But  how  many  spare  engines  should  the  Air  Force  buy? 


Table  3.23 

Spare  Engine  Inventory,  FY  1975 


Engine 

Total 

Inventory 

Active 

Installed 

Inventory 

Spares 

Ratio 

J57-19/29 

232b 

1040 

2.24 

J67-21 

767 

482 

1.59 

J57-43 

2434 

1634 

1.49 

J67-66 

523 

326 

1.60 

J57-69 

3125 

2586 

1.21 

J75-17 

338 

196 

1,73 

J75-19W 

297 

150 

1.98 

J79-15 

2874 

2158 

1.33 

J79-17 

1570 

1104 

1.42 

TF30-3 

530 

340 

1.56 

TF30-100 

236 

164 

1.44 

TF33-3 

880 

768 

1.16 

TF33-7 

1435 

1114 

1.29 

TF39-1/1A 

425 

308 

1.38 

TF41-1 

511 

342 

1.49 

There  is  a specific  computation  for  obtaining  the  number  of  spare  engines  a 
weapon  system  is  expected  to  require. On  the  basis  of  factors  such  as  programmed 
flying  hours,  number  of  installed  engines  on  the  aircraft,  number  and  location  of 
operating  bases,  and  where  certain  repairs  of  the  engine  are  to  be  made,  a require- 
ment is  established  for  a specific  number  of  spare  engines  to  fill  the  pipeline  at  the 


” The  standard  computation  procedure  is  DOPl  4230.3.  Standard  Method  for  Computation  ofS/xtre 
Erifiine  Procurement  Requirements.  The  Systems  and  Resources  Management  Advisory  Group  also 
studied  the  spare  engine  situation  and  recommended  reexamination  of  spare  engine  procurement  with 
the  idea  that  the  Air  Force  might  be  able  to  reduce  spare  engine  procurement  without  degrading  combat 
support  capability. 
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base  arid  between  the  base  and  the  depot.  Specific  numbers  of  days  are  ei^timated 
for  the  time  it  will  take  a base  to  turn  an  engine  around  and  a depot  to  process  an 
engine  at  overhaul.  The  spare  engines  serve  as  replacements  for  failed  engines  that 
are  removed  for  repair.  A fill-rate  objective  is  specified  in  terms  of  the  ability  to 
meet  the  demand  for  a spare  engine.  If  the  demand  cannot  be  met,  it  is  called  a back 
order,  which  is  defined  as  an  aircraft  requiring  an  engine.  Given  the  fill  ra^e  and 
a certain  number  of  spares  at  a base,  an  expected  effectiveness  rate  can  be  calculat- 
ed— that  is,  the  rate  at  which  aircraft  have  their  spare  engine  requirements  sa- 
tisfied and  again  become  operational.  A confidence  level  is  also  associated  with  this 
process.  For  combat  aircraft,  the  confidence  level  is  presently  required  to  be  80 
percent.  Spare  engine  requirements  are  estimated  on  the  basis  of  the  minimum 
quantity  of  engines  essential  to  support  the  programmed  peacetime  or  wartime 
operation,  whichever  is  greater.  Since  wartime  flying  is  usually  programmed  at  a 
higher  rate,  it  is  to  be  assumed  that  the  spares  are  applicable  to  the  wartime 
posture.  Thuo,  spare  engines  are  intended  to  reflect  wartime  requirements  in  terms 
of  a nil-rat/)  objective  and  effectiveness  rate  at : . ' t;;;,ience  level.  Usually,  more 

spare  engines  are  purchased  early  in  a new  f ',  stem  program,  and  then 

Phaser*  down  to  the  computed  requirement  as  exi-e;  i?' , j.:;e  is  gained.  But  the  comput- 
ed wartime  requirement  could  s^ill  be  ’.jgher  than  is  necessary,  particularly  if 
appropriate  consideration  is  given  to  attrition  and  duration  of  the  conflict.  (A  study 
under  way  at  Rand  concerning  this  issue  indicates  this  to  be  the  case.) 

No  parametric  model  was  obtained  in  this  study  to  enable  an  early  planner  to 
predict  the  appropriate  spares  ratio  for  a particular  application. 

Other  Coets 

Other  operating  and  support  costs  besides  depot  and  base  maintenance  (and 
fuel  and  attrition)  contribute  to  the  total  life-cycle  cost  of  an  engine.  They  include: 

1.  Transportation 

2.  Ground  support  equipment 

3.  Management 

4.  Training 

5.  Facilities. 

The  above  costs  appear  to  add  not  more  than  5 piercent  to  all  costs  previously 
discussed  (not  including  initial  recruitment  training  or  n major  facility  expendi- 
ture). Thus,  increasing  the  total  life-cycle  cost  for  an  engine  by  5 percent  should 
encompass  all  of  the  costs  identified  here  for  acquisition  and  ownership. 


SUMMARY  OF  MILITARY  ENGINE  UFE-CYCLE  COST  MODELS 

The  TOA  methodology  for  relating  performance  to  development  schedules  has 
been  incorporated  into  cost-estimating  relationships  (CERs).  TOA  and  ATOA  were 
investigated  along  with  other  variables  felt  to  be  important.  Reasonable  CERs  were 
obtained  for  military  engine  development  and  procurement  costa,  where  homo- 
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geneous,  disaggregated  cost  data  were  available  flrom  the  contractors  for  a 25-year 
period.  Without  this  type  of  data,  meaningful  relationships  could  not  have  been 
obtained.  The  approach  was  to  investigate  variables  considered  important  in  the 
development  and  procurement  phases  of  a new  engine.  The  approach  was  then 
extended  to  the  ownership  phase  of  the  engine  life-cycle  to  obtain  more  comprehen- 
sive models  for  total  engine  development,  component  improvement,  and  depot  and 
base  maintenance  costs.  The  model  results  are  summarized  in  Table  3.24. 

Again,  in  all  the  cost  models  studied,  the  variables  have  entered  the  relation- 
ships in  an  intuitively  satisfying  manner.  The  signs  of  the  coefficients  are  in  the 
right  direction  in  terms  of  what  an  engine  designer  would  expect  concerning 
changes  in  these  variables  and  the  resultant  impact  that  such  changes  would  have 
on  cost.  For  instance,  in  the  development  cost  model,  development  time  entered 


Table  3.24 

Military  Life-Cycle  Analysis 

(In  1975  dollars) 


SUU^f'Art  Tk«nd 
R*  • M 
8E-e.9 
F>93.0(S.  20) 


TOA2a  • -856.38  ♦ llO.lO/nTEMP  + U.41l«TOTPRS  - 28.08)i,WGT  - le.OiUnSFCMIL 

»S.l)  (5.1)  (9.8) 


♦ 18.37/«THRMAy. 

(2.8) 


Com  (951)  InDMOTC  • -1.3098  * 0.08BS8DBVTIME  * 0.49630(nTHRMAX  0.04099«roAie  » 0.413e8liiMACH 

R2..B6  (7.6)  (7.1)  (4.9)  (2.3) 

SE  • .18 
r - 55.7  (4.9; 


C(Nnpon«iii  ImprovwMnt 

R2-.88 
8E«.9t 
r - 60.5  (3.  22) 


(nClP  - -2.79026  * 0.788e3(i<THRMAX  * 0.04312‘^TOA26  « 0.007280P8rAN 
(9.1)  (5.7)  (2.5) 


IVtUi  DwtlopoMni 
CoM(«M) 

KS  - .94 
SB  • .Is 
F-  114.8  (4,29) 

lOOOtti  Unit  Cotl  («U) 
RS  - .95 
SE  - .215 
F*  63.0  (4,13) 


InTDC  • 0.97355  * 1.23809(nMACH  » 0.07345tnQTY  « 0.40386(nTHRMAX  « 0.0091  B-^TUASS 
(10.3)  (6.8)  (8.5)  (2.1) 


(nKPUSP  - -8.2070  < 0.705321i,THRMAX  ♦ 0.00674TOA26  ♦ 0.45710(n2(ACH  ♦ 0.01804''TOA26 
(9.2)  (2.8)  (2.6)  (2.4) 


Cumulntlv*  Production 
Quantity  Coat  (9M) 
R*  - .97 
SK>.22 

F>  501.7  (6.  81) 


(nPRQTYC  • -7.8504  « 0.8697rnQrrY  * 0.82204(1,1  HRI4AX  * MFRDUM  * 0.01858ATOA26 
(48.)  (24.)  (6.)  (5.) 

* .S4478(nit(ACH  * 0.00877TOA86 
(4.)  (2.4) 


Depot  llaintanaBCa  Coat 

Par  Knfina  Flyin*  Hour  hiDCEFHR  • 2.76182  0.00604(i,ATSO  * 1.26074(nCPUSP  r 0.011040P8PAN  0.022451TOA26 

Rcatvicad  (9/?FKK)  (10.2)  (4.2)  (2.2)  (1.9) 

Ra  - .97 
SE  • .22 
F- 67.6 '4.  7) 


Baaa  Maintanrnea  Com 

Par  Bncina  Flyutl  Hour  (nSttCErK”  - 3.50819  - 0.47457(nMTRO  « 0.01 3990PSP AN  * 0.5e739(aCPU8P 
Conaumad  (l/EFHC)  (4.5)  (2.2)  (1.8) 

R*  - .70 
SE  • .26 
F > 10.0  (3,8) 


NOTE:  OaaidatotSyaabotarer  'tRnltwaaottaraa. 
Hatatlatka. 
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positively,  indicating  that  the  longer  the  program,  the  higher  the  cost.“  The  other 
variables  in  this  model  also  indicate  rational  results.  Thrust  enters  positively.  The 
larger  the  engine,  the  higher  the  development  cost.  ATOA  and  Mach  number  enter 
positively;  they  are  related  to  the  state-of-the-art  increment  (or  additional  time 
increment  required)  to  be  obtained  in  the  development  and  complexity  of  the 
engine  (reflecting  the  technology  reach  in  the  program)  due  to  the  environment  in 
which  the  engine  has  to  operate.  Thus,  the  development  cost  model  and  the  1000th 
Unit  Production  Cost  model  are  basically  the  same  as  previously  reported  [1], 
except  for  conversion  to  1975  dollars.  The  total  development  and  component  im- 
provement cost  models  reflect  the  addition  of  several  data  points  and  therefore 
diffe*"  slightly  from  the  models  previously  reported.  Both  are  in>.luded  so  that 
alternative  methods  can  be  used  to  compute  total  development  cost.  One  model 
depends  on  quantity  of  engines  procured,  while  the  other  depends  on  the  total  time 
in  operational  service  (OPSPAN). 

Several  variables  had  to  be  introduced  in  developing  the  production  quantity 
cost  model.  One  was  a manufacturer’s  dummy,  required  because  of  the  sharply 
different  accounting  practices  used  by  one  of  the  manufacturers  before  19?  1.  The 
most  significant  variables  are  quantity  and  THRMAX.  Certainly,  quantity  should 
be  most  significant  in  this  type  of  model,  and  the  thrust  level  is  a measure  of  the 
physical  size  of  the  engine.  Again,  alternative  methods  of  computation  can  be 
employed  for  obtaining  total  production  cost:  either  the  production  quantity  model, 
which  contains  industry  average  learning,  or  the  1000th  Unit  Production  Cost 
model  and  an  assumed  process  slope  that  can  reflect  a manufacturer’s  learning 
experience. 

A model  for  total  depot  cost  per  engine  flying  hour  restored  at  the  depot  (by 
zero-timing  the  engine)  was  obtained  as  shown  in  Table  3.24.  The  variables  found 
to  be  significant  are  the  average  time  between  overhaul  (ATBO),  current  produc- 
tion unit  selling  price  (CPUSP),  operating  span  (OPSPAN),  and  increment  of  time- 
of-arrival  at  the  initial  MQT  (ATOA26).  Again,  they  enter  with  intuitively  satisfy- 
ing signs  for  the  dependent  variables.  For  instance,  successful  efforts  to  extend 
ATBO  would  reduce  depot  costs.  The  cost  model  using  engine  hours  restored  at  the 
depot  provided  better  results  than  using  the  cost  data  related  to  fleet<onsumed 
flying  hours.  The  difference  between  restored  and  consumed  flying  hours  can  be 
subscan tial  in  a given  program. 

An  attempt  was  made  to  relate  base  costs  to  parameters  of  interest  in  order  to 
obtain  a base  cost-estimating  relationship.  The  results  are  interesting  in  indicating 
explanatory  variables,  but  the  model  should  be  viewed  cautiously  because  of  the 
nature  and  limitations  of  the  data.  For  base  maintenance  costs,  MTBO  (the  policy- 
determined  maximum  time  between  depot  overhaul)  was  most  significant,  entering 
the  relationship  negatively.  Thus,  efforts  to  extend  MTBO  would  reduce  base  costs, 
since  base  periodic  scheduled  inspections  are  directly  related  to  MTBO  and  are  a 
significant  portion  of  propulsion  shop  activity.  OPSPAN  entered  positively;  the 
longer  an  engine  is  in  operational  service,  the  more  costly  it  is  to  maintain  at  the 
base.  CPUSP  entered  positively;  the  more  expensive  an  engine,  the  more  it  cosUi 

It  nu8t  be  noted,  however,  that  a minimum  development  time — on  the  order  of  four  to  live 
years — for  a new  engine  program  must  be  associated  with  this  estimating  relation.>ihip,  since  in  the 
extreme,  this  relation.*hip  could  result  in  zero  development  cost  at  zero  time  Obviousl> , it  takes  some 
amount  of  time  to  develop  any  new  engine,  however  simple  it  may  be  in  terms  of  available  icvhnology: 
the  model  therefore  must  incorporate  a minimum  development  lime. 
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to  nuiintain  at  the  base.  The  model  provides  an  estimate  of  base  maintenance  cosi 
per  flying  hour  consumed  by  the  flet't.  In  a 15-year  life-cycle  cost  estimate,  con- 
sumed engine  flying  hours  will  exceed  restored  engine  flying  houi-s  because  an 
engine  is  not  returned  to  the  depot  to  be  restore<l  when  it  is  about  to  l>e  scrapped. 

TOA  does  not  enter  directly  into  the  depot  and  base  niodels,  but  does  enter 
indirectly  through  CPUSP,  thus  providing  some  nteasure  of  state-of-the-art  impact 
on  cost,  (ATOA  provides  a residual  effect  on  depot  cost  but  is  not  in  the  base  cost 
model.  It  also  entere  indirectly  through  CPUSP.)  CPUSP  entered  both  the  depot 
and  base  models;  thus,  it  would  appear  that  attention  to  designing  an  engine  to  a 
pj'oduction  unit  cost  would  reap  benefits  in  the  ownerohip  area. 


AN  EXAMPLE 

Using  the  models  derived.  Table  3,25  presents  a comparison  of  life-cycle  cost 
breakdowns  for  hypothetical  fighter  engine  piograms  of  the  1950s.  1960s.  and 
1970s.  In  spite  of  increases  in  development  and  procurement  costs  of  engines  tin 
constant  dollars)  from  one  decade  to  the  next,  the  ownership  cost  portion  domimues 
and  tends  to  represent  an  increasingly  larger  portion  of  the  total,'"  Depot  mainte- 
nance cost  is  the  reason  for  this  trend.  Miscellaneous  costs  were  estimated  to  be 
approximately  3 percent  of  total  costs  for  this  example.  Table  3.25  indicates  that 
total  life-cycle  cost  has  more  than  doubled  front  the  1950s  to  the  1970s  and  that  the 
depot  is  accounting  for  an  increasing  portion  of  that  larg«?»'  cost.  Presently,  depot 
costs  are  the  largest  part  of  engine  life-cycle  costs.  The  19708  engine  is  significantly 
more  advanced  in  technology,  and  is  larger  in  thrust  and  faster-  iit  Mach  number, 
than  the  1960s  engine,  and  those  impiovenrents  are  what  the  military  is  paying  for 
in  attempting  to  obtain  better  weapon  systems. 

An  additional  calculation  is  shown  for  the  1970s  engine  for  a case  in  which 
ATBO.'MTBO  has  been  doubled.  The  results  show  a significant  ownership  siiving 
if  the  improvement  can  be  reali^ed,  The  models  cannot  show  how  to  obtain  this 
improvement,  but  do  indicate  that  it  would  be  worth  considerable  additional  devel- 
opnreni  or  CIP  eflbrt  (or  some  new  maintenance  concept  such  as  on-condition 
maintenance)  to  achieve  it."” 

These  theoretical  extunples.  although  intended  to  i-eflect  real  engines  acquired 
in  these  decades,  were  constructed  to  show  tr  ends  on  a compju-able  engine-pi-ogram 
basis  from  decade  to  decade.  Real  engine  progr-ams  will  not  necessar  ily  indicate 
sinular  i-esults  for  a pi'.rlicuiar  decade  in  their  designs,  and  pi'ogiams  tu-e  signifi- 
cantly different  from  l"  j assumptions  shown  in  the  table. 

'*  Ovenill  v^wnoi'sliip  C(),a  vuirpsitly  ivpivwnts  Iwtt-Uuntii  «i'  lota!  Iil't'-cyi'lo  ,'ast,  wltoro  owaoi-sliip 
'lU'ludos  C'll’  aiat  whole  spare  ea»:ir>es.  bu*  nor  fuel  ami  attrition,  I'oi  the  ti^jhter  enKine  *'xampU'  ptvst'nt 
ed.  Similar  restilt.s  weiv  alsti  obtaimn)  for  eurrent  trans|mrt  etnsiaes 

This  example  is  eoneermni  with  pivuiible  variations  in  ownership  costs  Rel'eivniv  IS  pivstmts 
examples  ol'how  these*  mmtels  mittht  lie  applir**)  in  Imikin^  at  chanttes  in  the  pnwess  ot'aeiiuirm^  enttmes 
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Table  3.25 

Lifk-Cyole  Cost  Breakdowns  fop  Hypothetical  Fighter 
Engines  of  the  1950s,  1960s.  and  1970s 


Cost  for  Engine 

Cost  for 
Engine  vrith 
1500  ATBO. 

with  750  ATBO,  1200  MTBO 

24  00  MTBO 

19508  1960s  1970s 

19703 

Cost  Element 

$M  % $M  % $M  % 

$M  % 

Itemiicd  Coit  Breakdown 


RDT&E 

Procurement 

311.7 

8.9 

360.3 

7.2 

428.1 

5.4 

428.1 

7.0 

Install 

983.3 

27.9 

1429.7 

28.5 

2273.1 

28.9 

2273.1 

36.9 

Spares 

245.8 

7.C 

357.4 

7.1 

568.3 

7.2 

568.3 

9.2 

CIP 

252.2 

7.2 

330.6 

6.6 

428.0 

5.4 

428.0 

7.0 

Depot 

1066.4 

30.3 

1708.2 

34.0 

3052.6 

38.8 

1629.0 

26.5 

Base 

658.1 

15.S 

690.2 

iS.7 

897.9 

11.4 

646.2 

10.5 

Miscellaneous 

102.5 

2.9 

146.3 

2.9 

229.4 

2.0 

179.2 

2.9 

Total* 

3020.0 

. 

100.0 

5022.5 

100.0 

7877.5 

100.0 

6152.0 

100.0 

Coat  per  Engine  Flying  Hour  Cotv^umeUl* 


Acquisition 

216 

298 

450 

450 

Ownership 

371 

539 

863 

575 

(Base  and  depot 
maintenance) 

(271) 

(400) 

(658) 

(379) 

Total  LCC 

-J 

587 

837 

1313 

1025 

NOTE;  Assumed  for  all  programs; 


1975  dollars 
6-year  development 
IC-year  operations 
Advanced  engines 
90%  learning  (production) 


6 M EFH  consumed  by  fleet 
5 M EFK  '.estored  by  depot 
1935  engines  produced  (including  flight 
teit  and  spares  at  25%) 

No  futl  or  attrition  included 


It  is  also  assumed  that  the  future  will  behave  in  a manner  similar  to  the  past. 

^May  not  add  exactly  because  of  rounding. 

^Average  cost  for  total  program. 
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Chapter  4 


COMMERCIAL  AIRCRAFT  TURBINE  ENGINE  LIFE-CYCLE 
EXPERIENCE:  A COMPARISON  WITH  MILITARY 

PRACTICE 


Commercial  airline  peacetime  opeiations  provide  an  environment  in  which 
benefits  can  be  measured  more  quantitatively  and  related  to  life-cycle  costs.  The 
airlines  offer  a service,  providing  a degree  of  safety  and  dep>endability,  at  a price. 
Their  success  can  be  measured  over  time  in  their  ability  to  stay  in  business,  earn 
a profit,  meet  some  amount  of  competition,  end  grow  in  a regulatory  climate.  To 
some  degree,  then,  it  is  possible  to  measure  success  quantitatively  much  as  costs 
are  measured. 


COMMERCIAL  LIFE-CYCLE  PROCESS 

The  airlines  purchase  engines  and  engine  parts  as  someone  might  an  automo- 
bile and  its  replacement  parts.  Once  the  initial  choice  is  made,  the  buyer  then  has 
less  latitude  in  purchasing  replacement  parts.  The  airlines  do  not  pay  directly  for 
the  development  of  engines  and  airframes  as  a specific  cost  as  the  military  do,  but 
in  reality  their  purchase  prices  cover  all  or  some  portion  of  that  development  cost. 
The  manufacturer’s  price  for  new  engines  and  parts  covers  not  only  the  cost  of 
design,  development,  and  manufacture,  but  also  the  company’s  profit,  incremental 
costs  for  component  improvement,  IR&D,  and  a margin  to  cover  the  warranty  the 
company  provides  to  the  airline.  The  wairanty  may  take  the  form  of  a guaranteed 
maximum  material  cost  per  flying  hour  to  the  airline  for  a certain  period  of  time 
and/or  number  of  flying  hours.  The  manufacturer  is  liable  for  some  portion  of 
material  cost  exceeding  the  maximum.  Engine  companies,  for  example,  may  guar- 
antee to  repair  or  replace  an  engine  part  if  it  fails  within  an  initial  period,  and  to 
refund  some  portion  of  the  cost  for  that  part  up  to  some  additional  flying  time,  after 
which  the  engine  company  is  no  longer  liable.  These  warranties  vary,  depending 
on  the  coverage  the  airline  desires  and  is  willing  to  pay  for,  and  on  the  engine 
company’s  desire  to  conclude  a sale.  The  actual  value  of  a warranty  is  therefore  a 
matter  of  negotiation  between  the  airline  and  the  manufacturer  for  eacli  particular 
situation,  since  there  is  a wide  area  of  interpretation  concerning  primary  fault  and 
secondary  effects  and  who  pays  for  what  portion  of  the  total  cost  involved. 

It  is  readily  apparent  that  the  life-cycle  process  differs  substantially  for  com- 
nercia’  and  military  engines.  The  nulitary  pay  for  development,  component  im- 
provement, and  IR&D  separately,  and  they  are  required  to  oversee  these  expendi- 
tures. There  is  no  warranty  coverage  for  military  hardware  except  in  the  case  of 
failure  of  a brand-new  item.  The  IR&D  and  CIP  are  funded  separately,  but  in  reality 
are  obtained  by  the  engine  companies  as  add-ons  to  the  selling  price  of  a military 
engine,  once  the  basic  selling  price  and  procurement  quantities  <br  a given  year 
have  been  established,  and  the  total  cost  and  apportionment  of  IR&D  and  CIP 
programs  have  been  approved. 


TIME-OF-ARRIVAL  FOR  COMMERCIAL  ENGINES 


The  technology  for  the  design  of  aircraft,  turbine  engines — at  best  an  imprecise 
art — has  improved  steadily  during  the  past  three  decades  in  a continuing  quest  for 
higher  quality.  During  this  evolutionary  development,  the  demand  for  perfor- 
mance has  dominated  military  acquisition,  and  usually  undo’  highly  constrained 
schedules;  the  manufacturer’s  effort  to  meet  both  performance  and  schedule  re- 
quirements exposes  engine  programs  to  the  risk  of  serious  cost  growth,  while 
relegating  to  lesser  importance  other  quality  characteristics  of  durability,  reliabili- 
ty, maintainability,  safety,  and  concern  for  environmental  effects. 

Commercial  engines  are  designed  to  a different  balance  of  criteria.  Higher 
performance  is  still  desirable,  but  safety  and  cost  considerations  make  durability, 
reliability,  and  maintainability  critical  characteristics,  overnment-mandated 
safety  requirements  are  a basic  consideration  in  commercial  fli;:ht,  with  cost  as  the 
strong  second  consideration.  Since  the  same  manufacturers  prov‘  ;te  both  military 
and  commercial  products,  the  design  differences  between  the  two  are  not  a matter 
of  a different  technology  base,  but  of  adapting  the  available  technology  to  fit  the 
two  sets  of  circumstijnces. 

Commercial  engines  procured  by  the  airlines  over  the  years  have  benefited 
significantly  from  previous  military  experience,  as  indicated  .'M  Table  4.1,  luttely, 
this  trend  has  been  changing;  the  JT9D  was  almost  toUlly  a commercial  develop- 
ment by  Pratt  and  Whitney  (although  the  technology  base  still  reflects  a substantial 
miliUu'y  contribution). 

How  different  are  commercial  demands  from  military  demands  concerning  the 
quality  of  an  engine?  The  TOA  approach  was  employed  to  help  answer  this  ques- 
tion, 


Table  4.1 

Military  Predecessors  to  Commercial  Enc.ines 


Company 

Commercial 

Engine 

‘ FAA 
Certifi- 
cation Year 

Military 

Predeceoior 

Model 
Qualifica- 
tion Teat  (MQT) 

Pratt  A Whitney 

JT3C 

1988 

J57 

1962 

JT4A 

1959 

J75 

1956 

JT3D 

1960 

TF33 

1960 

JT8D 

1963 

J52 

1961 

JT12 

1960 

J60 

1960 

JT9D 

1969 

None 

— 

JTIOD* 

1979b 

None 

— 

Ooneral  Electric 

CJ805-3 

1960 

J79 

1956 

CJ806-23 

1961 

J79 

1966 

CJ610 

1963 

J85 

1961 

CF700 

1964 

J85 

1961 

CF6 

1970 

TF39C 

1969 

CFM56* 

1978b 

FIOIC 

^European  collaboration. 
l>E(timated. 


^Qaa  generator  technology  applied  to  commercial  derivative. 
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A coniniercinl  engine  tlnta  base  of' 11  points  wut.  obtained  and  !’v>n  in  the  TOA26 
model.  The  detailed  dr  tu  for  military  inu  commercial  engines  are  in  Table  4.2.  The 
results  for  the  1 1 data  points  in  TOA26  are  shown  in  Fig.  4, 1 , The  commercial  trend 
line  lies  below  and  appears  to  be  approaching  '.he  46'<legree-line  military  model  as 
' .10  increases  The  implication  is  that  coninrercial  engines  are  more  "conserva- 
tive" than  their  performance-oriented  military  counterparts.  It  also  appears  that 
the  commercial  line  is  converging  with  the  military  model,  indicating  that  commci'- 
cial  engines  may  be  tending  to  approach  miliUrry  engines  in  the  future.  Indeed, 
some  engine  designers  feel  that  commercial  technology  could  surpass  military 
technology  in  the  future,  especially  if  noise  abatement  requirements  and  smoke 
elimination  requirements  are  explicitly  considered  in  the  TOA  index.  Another- 
possible  factor  is  the  absence  of  new  militar-y  pi  ograms  star-led  in  the  eai-ly  19608 
(see  Table  3.2).  As  pr-eviously  noted,  all  commercial  engines  wt-i-e  direct  derivatives 
of  military  progr-anrs  until  development  of  the  Pratt  and  Whitney  JT9D.  The  JT9D 
is  the  first  example  of  a major  new  U.S.  aircraft  lui-binc  engine  entering  commercial 
aorvice  with  no  prior  military  experience. 


Table  4.2 

TKctrNoi,o(;Y  Dafa  kok  CoMMsarrAi.  U.S.  Turbinr  Encinks 


Enslno 

Turbinv 

Intel 

Temp. 

(”H) 

'ritruit 

Max. 

(lb) 

Weight 

(5b) 

t^rewurc 

Term 

(Ib/ft2) 

SF(* 

(Ib/hr/lb) 

HOT 

f.tr) 

Period  of 
Ih'velopmeitl 
Initiation 

Jl'.'tC 

1996 

13.500 

4 '*34 

11,050 

0.78 

59 

Ulp  1950a 

JTtA 

1985 

15,800 

5020 

10.200 

0.80 

59 

l^ate  19508 

JT3D 

19911 

17,000 

1150 

11,050 

0,52 

71 

l<ale  19  i8 

JTHU 

2180 

14,000 

.1160 

13,600 

0.59 

81 

Late  \ 

JTt2 

2000 

2,700 

465 

5,525 

0.96 

71 

Late  19508 

C'JH05-3 

2100 

11,200 

•2800 

1 1 ,0.M) 

0.83 

71 

Isite  1950k 

CJHOB-a.H 

:noo 

10,100 

3800 

11,050 

e.56 

77 

liate  I950a 

C'JOlO 

2000 

2,850 

399 

5,780 

0.99 

82 

Early  19608 

CF700 

2100 

•1,125 

725 

5,525 

0.65 

87 

Early  1960 

JT9D 

(•) 

(«) 

(«) 

(«) 

(») 

107 

Late  1960b 

CF6 

(0) 

(H) 

(») 

(•) 

(•) 

112 

Late  19608 

"Ui'leU'd  for  socurlty  or  pruprlpUry  cunaiiiwatluni. 


The  11  commer'cial  engines  were  then  added  to  the  data  base  of  26  military 
engines,  and  an  equatioti  was  obtained  that  uses  the  combined  data  base  and 
employs  a dumnry  variable  for  the  commercial  engines  to  uifferenliate  ihonr  (Vom 
the  mililar-y.  The  results  ai-e  shown  in  Fig.  4.2.  The  indication  is  (hat  commer-cial 
engines  are  more  conservative  than  military  engines.  The  dummy  variable  has  a 
positive  value  ofabout  ten  quarters,  indicating  that  commercial  engines  are  »»bout 
2-1/2  years  behind  mtliUny  engines  in  their  TOA.  This  model  is  presented  in  Table 
4,3  togetiu'r  with  a comparison  of  the  J79  engine  and  its  commercial  counterpart, 


ActSMl  of  ofrivol  ot  ISO'hr  MQT  or  FAA  Cortlflcotioa 


Fig.  4.1— Comparison  of  military  and  commercial  aircraft 
turbine  engine  technology 


I 
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Tftbie  4 3 

CoMMZRCi.^i.  A.iincRAt^T  TuRBiNK  Enuine  Time-of-Arrivai.  (TOA) 

TOA37  - -772.86  ► S8.1B1  In  TEMP  * 9.860  MCUUM  < 11.970  In  TOTPR8 

(6.7)  (6.6)  (3.9) 

-26.466  In  WOT  - 1 8.668  In  SFCMIL  + 19.038  In  THRMAX 
(6.6)  (3.6)  (3.0) 


RS  - 0.964 
SE  - C.l 
F-  134 

Ex«mpl«»:  J79  and  CJ806-3  Bnginer 


J79 


Varlabta 

Value 

Calculation 

Conatant 

-772.8f 

-772.86 

TEMP 

2160 

*783.69 

MCni'M 

0 

0 

TOTPRS 

18056 

*117.32 

WOT 

3226 

-213.80 

SFCMIL 

0,87 

*2.18 

THRMAX 

16000 

*183.07 

TOA37 

69.6 

MQTQTR 

FAA 

67 

cartiflcation 

TOA 

*12.6 

CJ805-3 

Value  Calculation  Eiaaliclty 

-772.86  -772.86 

2100  *760.82  1.3 

1 +9.86  - 

11060  *111.44  0.2 

2800  - 210.06  - 0.4 

0.83  *2.92  -0.2 

11200  *177.60  0.3 

69.6 
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the  CJ806-3.*  The  lag  could  be  explained  in  either  of  two  ways:  Either  the  comnier- 
cinl  engine  achieved  the  same  performance  level  as  the  military  but  received 
certification  2-1/2  years  later;  or,  for  the  same  development  milestone,  the  commer- 
cial engine  design  traded  off  reduced  performance  for  greater  durability,  reliability, 
anvi  maintainability,  which  affect  safety  and  cost.  It  does  appear  that  engine  design- 
ers apply  the  technology  base  differently  in  designing  a new  commercial  engine. 

This  finding  has  significance  for  the  current  miliUtry  trend  of  designing  to  a 
life-cycle  cost,  because  the  trend  will  require  engine  designers  to  make  quantitative 
tradeoff's  among  aspects  of  quality  other  than  performance.  Since  this  model  is 
attempting  to  relate  time  to  multiple  design  objectives,  a crucial  task  for  fbture 
work  is  to  ouantifV  the  characterisUca  of  durability,  reliability,  mainudnability, 
safety,  and  environmental  impact  so  that  they  can  be  introduced  into  a time-of- 
arrival  nuclei  along  with  performance  considerations. 


COMMERCIAL  OWNERSHIP 

The  primary  concern  of  an  airline  is  to  make  a profit,  and  t he  primary  o|Hn-- 


' Thl*  TOA  npprnuch.  usitig  t.lM>  (tummy  diftingui*!'  dir  drsign  olvertivt'ei  ot'rtimnunruil  vomun 
militury  pruclicr.  wu* mIdo uwd  to «wtimiit«> « commercial developmont  coat  modri  t>«ly  two i-ommorcml 
onittno  development  dabt  point*  were  obtained.  Theee  coat*  ore  coiiMdered  hittbl>  proprietitry  by  ibr 
ntunufkctuiera  and  are  uaually  not  available  (hr  outaide  atudy  eflbrU.  Terma  that  were  lound  to  Ih< 
rgniAcant  in  'he  military  development  coat-eatimatina  relatiuiwhip  were  alto  intporunt  in  commerciul 
development,  allowing  For  the  2‘]/2  year  time  lag. 
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ational  benefit  measure  for  an  airline  is  aircraft  utilization.  For  engines,  utiJiizativ>n 
is  usually  expressed  in  flying  hours  or  operating  cycles.  The  commercial  flying-hour 
experience  is  considerably  dfferent  from  the  military.  The  airlines  follow  estab- 
lished routes  with  known  demand  rates  for  flying-hour  segments  and  takeoffs  and 
landings  over  a given  calendar  period.  The  military  has  varying  requirements, 
except  perhaps  for  a portion  of  the  fairly  well-scheduled  MAC  fleet.  The  airlines 
accumulate  engine  operating  hours  faster  than  the  military,  even  for  comparable 
aircraft.  The  airlines  fly  about  three  times  more  hours  in  a given  yeur  than  the 
MAC  fleet  aircraft,  and  ten  times  more  than  supersonic  fighter  aircraft. 


OPERATIONAL  PRACTICE 

Commercial  operational  practices  and  procedures  also  differ  from  the  military. 
Operationally,  the  airlines  require  pilots  to  devote  considerable  "tender  loving 
care”  to  their  aircraft.  The  throttle  is  used  only  to  the  extent  made  necessary  by 
gross  weight,  field  length,  altitude,  and  temperature  for  takeoffs  and  landings.  On 
almost  all  Air  Force  aircraft,  there  is  no  way  to  determine  how  much  hot-time  tlie 
engine  sees  during  a known  mission  profile,  although  there  has  been  some  initial 
work  on  engine  diagnostic  systems  that  count  throttle  excursions.  (The  FlOO  engine 
on  the  F-15  aircraft  has  such  a counter,  but  it  is  not  yet  wo*'king  well  in  operational 
practice.)  Squeezing  out  the  last  percent  of  power  is  considered  very  costly  to 
engine  hot-secticn  life.  Airlines  require  flight  cre  ws  to  monitor  engine  performance 
in  flight  and  to  supply  data  for  trending  analysis  of  engine  performance  after  each 
flight.  Careful  throttle  managemeni  enables  the  airlines  to  achieve  important  dol- 
lar savings  by  trading  performance  for  temperature  (and  thus  parts  life),  The  Air 
Force  could  do  the  same.  Since  the  military  operaticn  of  an  engine  is  e«en  further 
up  on  the  higher  end  of  the  power  curve  (approaching  maximum  performance), 
even  a nominal  reduction  in  throttle  excursions  could  yield  a very  significant  im- 
provement in  parts  life.  (Several  examples  are  already  available  for  TAC  and  SAC 
aircraft.) 


MAINTENANCE  PRACTICE 

Commercial  maintenance  practice  has  been  extolled  a.<:  an  example  from  which 
the  military  might  benefit.  Airline  maintenance  practice  today  has  turned  away 
from  the  military’s  hard-time  philosophy  (certain  actions  are  taken  at  certain  times 
regardless  of  how  well  the  engine  is  operating)  toward  what  is  generally  termed 
on-condition  maintenance. 

There  is  some  semantic  confusion  concerning  the  meaning  of  on-condition 
maintenance.  Current  airline  maintenance  procedures  actually  fall  into  three  areas 
of  consideration:  maintenance  of  life-limited,  high-time  parts;  condition  monitoring 
of  certain  non-safcty-of-flight  parts  for  which  there  are  no  fixed  time  limits;  and 
on-condition  maintenance  of  critical  safety-of-flight  parts  that  require  regular  peri- 
odic inspections.  The  various  airlines  cause  some  confusion  by  using  these  terms 
somewhat  differently,  but  in  general  they  distinguish  between  on-ccndition  mainte- 
nance and  condition-monitored  maintenance  related  to  the  level  of  inspection  activ- 
ity and  impact  of  the  part  on  safety-of-flight. 
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The  intent  of  the  oncondition  maintenance  propram  is  to  leave  the  hardware 
alone  as  long  as  it  is  working  well  and  symptoros  of  potential  problems  are  not 
developing.  This  philosophy  is  notone  of"fly-to-failure”  when  safety-of-flight  items 
are  involved.  This  maintenance  program  is  expected  to  reduce  the  shop  visit  rate, 
determine  which  parts  are  causing  removals  and  at  what  time  intervals,  increase 
the  engine’s  accumulation  of  flying  hours  and  cycles  by  maintaining  its  availability 
on-wing,  reduce  secondary  damage  resulting  from  serious  failures,  and  maintain 
and  improve  the  normal  distribution  of  failures  expected  for  engines. 

Prolonging  the  interval  between  shop  visits  for  maturing  commercial  engines 
is  equivalent  to  increasing  the  average  time  between  overhauls  in  the  military.  The 
result  of  this  action  is  to  p*^vent  the  truncation  of  the  engine  overhaul  distribution 
caused  by  fixing  the  maximum  allowable  oper  ating  time  between  overhauls  and  the 
subsequent  resulting  large  increases  in  the  engine  r<»moval  rate  when  maximum 
hard-time  overhaul  is  reached.  The  commercial  practice  could  therefore  provide 
insights  to  the  military  in  terms  of  what  parts  are  determining  failure  rates  and 
how  CIP  funds  might  best  be  apportioned  among  various  engine  problems. 

On-condition  maintenance  hrs  several  specific  requirements:  (1)  periodic  on- 
aircraft  inspection  of  engine  safety-of-flight  areas  at  ground  stations  (borescoping, 
X-ray,  oil  sampling  and  analysis,  careful  examination  of  the  engine);  (2)  engine 
performance  checks  and  data-gathering  in  flight,  using  such  data  for  trending 
analysis  at  a centra!  data  processing  center  (usually  at  the  main  overhaul  facility) 
to  anticipate  problem.,  before  they  occur;  and  (3)  tracking  of  critical  parts  by  part 
number  to  keep  account  of  tne  amount  of  operating  time  and  operating  cycles  the 
parts  have  undergone. 

When  an  engine  problem  is  discovered  or  anticipated  froni  trending  analysis, 
the  engine  is  removed  from  the  airframe  and  repaired  at  a base  if  possible  (by 
replacing  a part  or  module,  which  is  then  returned  to  the  shop);  or  the  entire  engine 
is  sent  back  to  the  shop;  or  the  aircraft  is  scheduled  for  a ft.ght  to  the  maintenance 
base  so  that  the  engine  can  be  removed  and  another  engine  installed  overnight  with 
no  I'iss  of  scheduled  flight  time.  It  is  estimated  that  90  percent  of  engine  repair 
activity  is  performed  at  the  shop;  very  liitle  fixing  of  hardware  is  done  at  bases 
except  removal  and  replacement  of  engines  or  modules  or  of  major  parts  easily 
reached  with  minimum  disassembly.  (The  base  also  performs  other  tasks  primarily 
concerned  with  the  ground  inspections,  and  handles  lube,  oil,  and  maintenance 
associated  with  day-to-day  activities.)  It  may  be  asked  why  the  Air  Force  cannot 
operate  in  this  manner.  The  reason  is  that  the  airlines  operate  in  a relatively  sbihle 
peacetime  environment.  Some  Air  Force  units  may  be  able  to  operate  in  a similar 
manner,  but  others  must  he  prepared  to  be  self-sufficient  in  an  overseas  wartime 
contingency  and  thus  are  required  to  maintain  a larger  labor  force  at  the  base  level. 

When  a commercial  engine  is  returned  to  the  hop.  the  data  .'system  is  expected 
to  furnish  the  engineering  and  maintenance  people  with  recoi  is  of  hov/  much 
operating  time  has  accumulated  on  particular  parts,  so  they  can  judge  whether  to 
fix  only  the  pert  that  is  broken  (or  that  they  anticipate  will  break  shortly)  or  to  fix 
other  parts  as  well  while  they  have  the  engine  in  the  shop.  They  attempt  to  rebuild 
the  engine  to  some  minimum  expected  operating  time. 

Newer  commercial  engines  are  of  modular  design.  "Modular”  means  that  the 
engine  can  be  readily  separated  into  major  subassemblies.  The  intent  is  to  add 
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Dexibility  to  muintenance  procedures  at  the  shop  and  at  the  base.  EnRines  can  be 
ren>oved  and  replaced  overnight  and  modules  can  be  "swapped  out"  at  a base  in 
several  days,  with  only  the  modules  returned  to  the  shop  for  repaii-.  One  result  is 
that  airlines  turn  engines  around  faster  than  military  depots  (15  to  30  days  versus 
45  to  90  days),  and  consequently  require  substantially  fewer  spare  engines. 

The  Air  Force  has  begun  to  procure  modular-designed  engines;  the  FlOO  engine 
on  the  F-15,  and  the  FlOl  on  the  B-1,  are  examples.  The  Air  Force  is  now  implement- 
ing a modular  engine  maintenance  information  system  like  that  of' the  airlines  for 
keeping  track  of  the  operating  time  on  parts  and  for  helping  in  decisions  concerning 
tite  operating  life  appropriate  for  each  module  and  engine.  The  Air  Force  will  have 
to  be  able  to  do  this  kind  of  analysis  at  the  depot  and  base  if  it  plar.s  to  adopt  the 
commercial  maintenance  philosophy  regarding  modular  engines  and,  especially, 
regarding  on-condition  ntaintcnance. 

Maintenance  experience  and  skill  levels  are  very  high  for  the  airlines  in  their 
central  shops.  Most  mechanics  are  FAA-qualified,  have  a long  continuity  in  service, 
and  with  their  years  of  experience  get  to  know  the  individual  engines  and  aircrafV. 
since  tlie  fleet  ij  not  so  large  for  a given  airline.  The  civilian  labor  force  at  the  Air 
Force  depot  also  has  considerable  continuity  of  service,  but  the  base  inventory  and 
the  current  practice  of  completely  disassembling  an  engine  during  overhaul  and 
reassentbling  it  with  different  parts  prevents  them  from  getting  to  know  individual 
engines — besides  which,  the  engine  changes  its  identity  every  time  through  the 
depot.  It  is  not  clear  how  much  of  an  edge  this  gives  the  airlines,  but  airline  people 
cottsider  it  substantial.  The  commercial  work  force  is  also  more  flexible  about 
scheduling  overtime  during  peak  periods  and  laying  off  during  slumps.  The  mili- 
Utry  depot  does  not  have  this  flexibility  in  the  short  term. 

Several  airline  oflicials  have  expressed  concern  that  perhaps  they  have  gone 
too  far  too  fast  with  on-condition  maintenance  as  applied  to  current  high-bypass- 
engine  experience.  Their  worry  is  that  they  might  be  merely  postponing  certain 
problems  to  a later  date.  They  believe  they  are  obtaining  more  operating  hours,  but 
at  a cost:  When  an  engine  finally  does  return  to  the  shop,  perhaps  mor  e has  to  be 
done  t o it  in  terms  of  parts  replacement  than  if  it  had  come  itt  sooner.  The  probleni 
is  to  determine  the  "optimunf’  point.  The  military  attempt  to  do  so  by  setting  an 
engine  MTBO  at  some  point  that  the  user  and  supplier  believe  is  optimum  in  terms 
of  operational  availability  on  the  one  hand,  and  the  an\ount  of  work  required  when 
it  is  returned  to  the  depot,  on  the  other  hand.  The  choice  lies  between  the  two 
extremes;  a short-fixed-time  philosophy  is  one.  and  on-condition  maintenance  run- 
ning to  failure  or  almost  to  the  anticipated  point  of  failure  is  the  other.  There  may 
be  some  optimum  intermediate  point  derived  from  a combination  of  hard-time  and 
on-condition  maintenance,  and  this  optimum  could  vary,  depending  upon  the  in- 
dividual airline  or  military  situation.  One  airline's  (or  service's)  optimum  is  not 
necessarily  another’s  because  of  differences  in  route  structure  and  operating  condi- 
tions (mission),  utilization  of  the  fleet,  economic  environment,  and  so  forth.  At  any 
rate,  it  would  appear  desirable  for  the  military  to  move  away  from  its  strict  hard- 
time philosophy,  but  no  doubt  there  is  some  point  on  the  on-condition  maintenance 
spectrum  beyond  which  it  may  not  be  desirable  to  go  for  the  sake  of  economic 
efficiency.  Appropriate  data  are  required  to  assist  in  seeking  this  optimum. 
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COMMERCIAL  ENGINE  COSTS 

What  does  it  cost  the  airlines  to  own  and  operate  their  commercial  engines?  The 
question  is  more  difficult  to  answer  than  would  first  appear,  even  though  manufac- 
turers preserve  a great  deal  of  engine  cost  data  over  a substantial  period  of  time 
for  their  cost  analyses.  Airlines  are  also  required  to  provide  certain  cost  data  co  the 
CAB,  separated  into  certain  cost  categories. 

Because  accounting  practices,  operations,  and  economics  vary  among  airlines, 
however,  only  the  individual  airline  will  know  fully  what  its  costs  are  under  its  own 
accounting  practices,  route  structure,  operating  environment,  seasonal  adjust- 
ments, and  economic  conditions. 

<■  Therefore,  difficulties  arise  in  attempting  to  use  airline  cost  data  directly.  The 

purchase  price  of  an  engine  that  an  airline  reports  to  CAB  may  reflect  the  cost  of 
the  entire  pod,  which  is  the  total  installed  engine  in  its  nacelle  ready  for  mounting 
on  the  aircraft  wing,  or  it  may  reflect  the  bare  engine  and  ceilain  spare  parts.  It 
may  also  include,  as  in  the  case  of  reported  Air  Force  contract  prices,  spare  parts 
, and  accessories,  technical  data,  and  field  service  costs.  Thus,  it  may  be  difficult  to 

f use  the  aggregated  data  reported  to  CAB  to  arrive  at  standardized  procurem^^nt 

i'  costs  that  will  be  comparable  among  the  commercial  airlines.  At  least  an  estimate 

can  be  obtained,  however,  if  it  is  known  whether  the  purchase  was  for  a bare  engine 
or  a podded  engine,  and  if  some  idea  can  be  gained  of  what  additional  costs  are 
involved  in  the  purchase  price. 

The  matter  of  propriecary  information  can  be  a further  stunjbling  block.  To 
gather  information  on  military  engines  for  this  study,  it  was  necessary  to  go  to  the 
manufacturers  for  disaggregated,  homogeneous,  longitudinal  data.  Th^iy  were  will- 
ing to  supply  military  data  on  a proprietary  basis,  but  they  are  not  willing  to  supply 
commercial  cost  data  at  all.  except  in  the  most  unusual  circumstances  and  then  only 
on  a very  limited  basis. 

In  sum.  the  analyst  faces  the  dual  difficulty  of  determining  the  content  of  the 
CAB  data  and  of  obtaining  information  the  airlines  and  manufacturers  consider 
highly  proprietary.  Tims,  the  mqjor  problem  in  comparing  commercial  and  military 
engines  is  generating  comparable  costs.  At  present,  the  most  pressing  need  is  to 
understand  what  the  commercial  cost  data  actually  include;  nor  is  it  sufficient  to 
do  so  for  only  a one-year  or  two-year  cross-section.  Cost  analysts  in  both  the  engine 
industry  and  the  airline  industry  agree  that  five  to  seven  ytsars  worth  of  historical 
data  are  needed  to  gain  a reliable  picture  of  the  trend  for  a particular  piece  of 
equipment.  This  appears  to  be  true  for  both  technical  and  economic  reasons. 


ANALYSIS  OF  AVAILABLE  DATA 

Figure  4.3  depicts  a rough  breakdown  of  typical  14-year  life-cycle  costs  for  the 
older  first-  and  second-generation  commercial  turbojet  and  turbofan  engines.  New 
third-generation  high-bypass  engines  may  be  different  in  terms  of  cost  magnitude 
and  proportions,  and  their  cycle  may  be  extended  in  order  to  cover  their  higher 
costs,  with  depreciation  spread  over  more  years — perhaps  16  rather  than  14.  The 
figure  reveals  that  76  to  80  percent  of  cost  is  ownership.  It  should  be  recalled, 
however,  that  the  procurement  cost  of  the  engine  includes  allocations  for  develop- 
ment and  IR&D,  and  ownership  costs  also  include,  besides  CIP  and  warranty  add- 
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Fig.  4.3— Tj’pical  I4>year  life-cycle  costs  for  first-  and 
second-generation  commercial  turbojet  and  turbofan 
engines  (fVom  Ref.  5) 


ons,  a charge  for  development;  consequently,  acquisition  and  ownership  costs  are 
not  cleanly  defined  even  for  airlines.  It  is  interesting  to  note  from  the  figure  that 
an  airline  buys  an  engine  twice  over  in  spare  parts  alone  during  its  operational 
lifetime. 

Data  obtained  fVom  five  commercial  airlines  in  the  course  of  this  study  indicate 
that  the  older  and  smaller  turbofan  engines  such  as  the  JT8D  and  the  JT3D  are 
costing  between  $50,000  and  $100,000  per  shop  visit  for  engines  that  have  been 
operating  for  2000  to  4000  hours,  while  the  newer  and  larger  high-bypass  engines 
such  as  the  CF6,  JT9D,  and  RB-211  are  costing  between  $100,000  and  $200,000  per 
shop  visit  for  engines  that  have  been  operating  for  1000  to  2000  hours.  The  cost 
range  appears  to  be  affected  by  the  size  of  the  engine,  the  state  of  the  art,  engine 
maturity,  usage  since  the  last  shop  visit,  and  airline  policy  concerning  refUrbish- 
ment  to  a minimum  time  for  next  shop  visit  expectation.  The  costs  are  quite  differ- 
ent fVom  those  obtained  flrom  the  military  for  comparable  engines  with  similar 
operating  experience.  Airline  shop  costs  are  apparently  fUlly  burdened*  and  reflect 

* Including  all  allocated  ntatariala,  back  shop  labor,  and  overltoad,  except  for  major  mcdificationa, 
which  are  treated  aa  inveatment  rather  than  operating  expenae  for  tax  purpoaea. 
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arouna  90  percent  of  base  and  shop  costs  combined.  At  the  military  depot,  a cost 
increnient  of  at  least  50  to  100  percent  must  be  added  to  the  major  overhaul  cost 
to  obtain  the  total  depot  cost  per  engine  processed  in  a given  year. 

What  does  it  cost  to  maintain  a commercial  engine?  From  the  data  presented, 
ownership  constituteo  75  to  80  percent  of  total  life-cycle  cost  (not  including  fuel). 
The  first-  and  second-generation  commercial  engines  are  estimated  to  have  a peak 
cost  of  around  $40  to  $80  per  flying  hour  for  ownership  and  $50  to  $1(X)  per  flying 
hour  total.  Steady-state  costs  with  the  advent  of  maturity  fall  to  a range  of  $20  to 
$30  per  flying  hour  for  engine  maintenance.  Peak  costs  appear  to  be  two  to  three 
times  steady-state  costs.  A total  of  about  35,000  to  45,000  operating  hours  in  a 
14-to-16-year  period  is  expected.  New  third-generation  high-bypass  engines  will 
peak  at  well  over  $100  per  flying  hour  if  the  same  percentage  breakdown  applies. 
The  airlines  hope  that  long-term  steady-state  ownership  costs  can  be  reduced  to 
around  $40  to  $50  per  flying  hour  when  maturity  is  attained  for  these  new-genera- 
tion  engines.  Since  these  engines  are  of  higher  technology,  with  at  least  twice  the 
thrust  and  considerably  improved  specific  fuel  consumption,  they  are  expected  to 
be  well  worth  the  higher  cost  to  the  airlines  in  the  service  they  will  provide  with 
the  new  wide-bodied  transports. 

In  examining  the  available  commercial  cost  data  over  a number  of  years,  a 
general  cost  profile  trend  is  distinguishable.  Figure  4.4  presents  actual  data  that 
appear  to  corroborate  such  a pattern.  A hypothetical  cost  profile  is  shown  in  Fig. 
4.5.  It  presents  expected  cost  patterns  on  the  basis  of  consumed  and  restored  engine 
hours  with  peak,  average,  and  steady-state  values  indicated.  Also  shewn  are  two 
general  problem  areas  that  seem  to  occur  in  engine  maturation:  an  early  peak 
(occurring  usually  because  of  problems  in  the  hot  section  in  the  engine's  matura- 
tion) and  later  on,  an  additional  hump  on  the  way  to  steady-state  conditions  (some 
cold-section  problems  tend  to  show  up  later).  Shop  visit  rates  show  the  sttme  pattern 
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Fig.  4.4 — Total  maintenance  cost  of  complete  powerplanl 
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Acqiiiiiition  and  fA)f;ulirs  Support,  Washington,  O.C.,  February  1976. 
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Fig.  4.6 — Cost  profile  for  commercial  turbine  engines 


(leading  the  reported  cost  data  by  six  to  nine  months  because  of  reporting  delays). 
The  JT9D,  operating  since  1970,  apparently  is  approaching  maturity  and  will  be  an 
interesting  example  to  watch  as  an  indicator  of  cost  differences  between  the  current 
generation  of  high-bypa.ss  engines  and  previous  generations'  experience.  It  does 
appear  that  the  high-bypass  engines  are  at  least  twice  as  costly  to  operate.  The 
question  still  to  be  answered  by  the  operators  is  whether  or  not  they  will  be  as 
profitable  as  expected  in  the  long  term.  They  were  expected  to  return  their  invest- 
ment and  increase  airline  profits  when  they  were  purchased  in  the  late  19603.  The 
difficulty  has  been  the  slower  than  expected  increase  in  air  transpor  tation  growth 
in  the  early  1970s.  One  indication  that  things  may  be  different  for  a high-bypasa 
engine  is  that  some  airlines  are  now  using  16  years  as  the  depreciation  period  for 
tax  purposes  rather  than  14  years,  because  these  newer  engines  are  not  accumulat- 
ing flying  time  as  rapidly  as  the  older  engines  at  similar  points  in  their  life  cycle. 
Consequently,  the  extra  time  is  needed  to  achieve  the  expected  35,000  to  45,000 
operating  hours  on  the  hardware. 

In  short,  it  is  possible  to  construct  a cost  profile  for  the  life-cycle  of  an  engine. 
The  data  examined  here  are  consistent  with  the  general  trend  indicated  regarding 
maturation  and  steady-state  operation.  This  commercial  cost  profile  of  peak, 
steady-state,  and  average  costs  should  be  helpful  in  attempting  to  understand 
overall  military  life-cycle  costs,  which  should  behave  similarly  (at  perhaps  n higher 
cost  level).  The  use  of  only  cross-sectional  data  to  estimate  costs  for  a given  engine 
can  be  misleading  if  the  engine's  relative  position  in  its  overall  life  cycle  is  not 
understood,  and  if  the  data  are  heavily  weighted  to  the  steady-state  situation,  when 
average  costs  are  needed  to  determine  overall  life-cycle  cost.® 


’ In  the  military  models  developed  in  this  study,  both  the  depot  and  base  equution.«  cunUiin  the  term 
OPSPAN,  which  controls  for  the  time  effect  to  some  extent  However,  the  data  were  heavily  weighted 
by  proKrams  that  had  arrived  at  fairly  steady-state  conditions. 


Chapter  5 

RESULTS,  CONCLUSIONS,  AND  RECOMMENDATIONS 


This  study  of  policy  considerations  in  the  lifecycle  process  of  aircraft  turbine 
engines  has  attempted  to  bring  into  focus  factors  relevant  to  the  benefits  and  costs 
associated  with  acquisition  and  ownership.  Chapter  2 discussed  theoretical  consid- 
erations. Chapter  3 dealt  with  the  military  process  in  detail.  Chapter  4 addressed 
the  commercial  pk'ocess  for  comparative  purposes  in  an  attempt  to  identify  prac- 
tices that  the  military  might  profitably  adopt.  The  objective  has  been  to  highlight 
the  information  and  methodology  an  early  planner  requires  in  determining  effec- 
tive tradeoffs  and  thus  arriving  at  policies  appropriate  to  various  phases  of  the 
engine’s  life  cycle.  Examples  of  calculations  for  current  engines  and  applications  to 
new  engines  have  been  provided.  This  chapter  summcrizes  the  study’s  results, 
conclusions,  and  recommendations.  (For  a succinct  treatment  of  this  chapter,  see 
the  author’s  executive  summary,  R-21(K>/1-AF.) 


DESIGN  OBJECTIVES  AND  DATA  REQUIREMEmS 

The  technology  for  the  design  of  aircraft  turbine  engines — at  best  an  imprecise 
art— has  improved  steadily  during  the  past  three  decades  in  a continuing  quest  for 
higher  quality  in  terms  of  performance,  durability,  reliability,  and  maintainability. 
During  this  evolutionary  development,  the  acquisition  of  turbine  engines  for  mili- 
tary aircraft  has  been  primarily  performance-oriented.  The  manufacturers  who 
have  provided  engines  to  the  military  throughout  this  period  have  maintained 
their  business  bases  by  responding  to  and  meeting  the  needs  of  the  customer  within 
certain  limits,  and  the  military  customer  has  demanded  performance.  Further- 
more, he  has  usually  demanded  performance  under  a highly  constrained  schedule, 
thus  exposing  engine  programs  to  the  risk  of  serious  cost  growth  while  relegating 
to  lesser  importance  the  characteristics  of  durability,  reliability,  and  maintainabili- 
ty- 

When  a customer  makes  other  demands,  as  in  commercial  transpoit,  engines 
are  designed  to  criteria  other  than  performance.  Safety  and  cost  considerations 
make  durability,  reliability,  and  maintainability  critical  characteristics  for  com- 
mercial airlines.  Since  the  same  manufacturers  provide  both  military  and  commer- 
cial products,  engine  design  is  not  a matter  of  different  technology',  but  of  using  the 
available  technology  differently  to  fit  the  circumstances. 

Designing  an  engine  to  performance,  parts-life,  and  safety  requirements  is 
fairly  well  understood  by  engine  designers;  even  designing  to  a production-unit  cost 
is  understood  to  some  extent.  But  designing  to  military  life-cycle  benefit  and  cost 
criteria  is  not  presently  understood  to  the  extent  that  it  should  be,  particularly  in 
terms  of  the  appropriate  durability,  reliability,  and  maintainability  in  the  oper- 
ational context  of  military  ownership.  In  thort,  the  art  of  designing  a military 
aircraft  turbine  engine  to  a life-cycle  cost  is  at:!!  in  a primitive  stage,  if  it  exists  at 
all. 
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The  difficulty  for  the  designer  lies  in  not  fully  understanding  the  appropriate 
tradeoffs  because  -.f  a lack  of  detailed  information  concerning  1)  how  the  military 
use  the  engine,  and  2)  how  operational  problems  are  related  to  the  design.  (If  a part 
breaks,  for  example,  the  designer  needs  to  understand  not  only  how  it  broke,  but 
why  it  broke.)  The  designer  does  not  have  at  his  disposal  data  relating  the  military 
benefits  and  costs  from  operational  and  support  activities  in  sufficient  detail  to 
enable  him  to  analyze  the  tradeoffs  among  the  various  design  objectives  in  a total 
military  life-cycle  context. 

Now  that  total  life-cycle  cost  is  becoming  an  increasingly  impr  -tant  considera- 
tion and  the  demands  of  the  i;  ilitary  customer  are  apparently  changing,  the  engine 
designer  will  require  more  detailed  cost/benefit  information  to  perform  the  neces- 
sary design  tradeoff';.  But  he  cannot  lay  hands  on  that  information  overnight. 
Currently,  the  available  military  operational  and  cost  data  are  heterogeneous, 
aggregated,  and  cross-sectional;  to  enable  effective  design  tradeoffs  involving  total 
life-cycle  costs,  the  data  must  be  homogeneous,  disaggregated,  and  longitudinal. 
The  data  must  be  clearly  defined;  each  data  element  mijst  retain  identity  and 
consistency  over  time;  all  relevant  cost  elements  n.ust  be  included  and  broken  down 
to  the  appropriate  level  of  detail;  and  the  data  must  be  available  over  a long  enough 
period  of  time  so  that  the  engine’s  maturation  process  can  be  understood.  In  the 
commercial  area,  for  instance,  cost  analysts  in  both  the  engine  industry  and  the 
airline  industry  agree  that  five  to  seven  years  worth  of  histo!  ical  data  are  needed 
to  gain  a reliable  picture  of  the  trend  for  a particular  piece  of  equipment. 

When  fairly  homogeneous,  somewhat  disaggregated,  and  reasonably  longitudi- 
nal data  were  available — for  example,  26  to  30  years  of  RDT&E  and  production  cost 
data  from  engine  contractors  covering  a variety  of  programs— interesting  analyti- 
cal and  methodological  results  were  obtained.  When  the  cost  data  were  heterogene- 
ous, aggregated,  and  cross-sectional — two  or  three  years  worth  of  selected  owner- 
ship cost  elements — analytical  and  methodological  efforts  have  been  less  successful 
but  still  very  promising.  It  will  be  necessary  to  develop  some  methodology  for  total 
life-cycle  analysis  if  early  planners  are  to  obtain  and  evaluate  the  leverages  that 
might  exist  between  the  costs  of  early  acquisition  and  later  ownership  and  their 
resulting  impacts  on  operational  capability.  The  needed  data  must  be  obtained. 
Several  new  data  systems  or  modifications  to  existing  systems  are  now  being  imple- 
mented to  improve  this  situation;  but  organizations  learn  to  adapt  to  the  data 
systems  imposed  on  them  while  still  perpetuating  their  customary  ways  of  doing 
things,  which  is  one  of  the  problems  of  existing  systems  in  the  actual  data  they 
obtain  and  provide  for  analysis.  The  best  solution  may  be  one  of  periodic  sampling 
to  obtain  the  data  needed  for  specific  weapon  systems  at  particular  times  in  their 
operational  life  span. 


A METHODLOGY  FOR  LIFE-CYCLE  ANALYSIS 

Valuabl''  insights  can  be  obtained  for  both  a weapon  system  and  the  component 
through  a life-cycle  analysis  of  a new  weapon  system  at  the  system  level  and  at  the 
component  level.  Macro  and  micro  viewpoints  corroborate  each  other  in  both  "top- 
down”  and  "bottom-up”  analyses.  The  relative  importance  of  the  component  to  the 
weapon  system  must  be  ascertained  in  terms  of  contribution  to  performance  as  well 
as  resource  consumption;  the  data  can  be  disaggregated  so  as  to  asseso  the  major 


components,  such  as  airframe,  engine,  avionics,  weapons,  and  ground  support,  and 
the  relative  magnitudes  of  the.ie  various  programs.  It  is  recommended  that  other 
components,  particularly  airframe  and  avionics,  be  analyzed  similarly  to  the  en- 
(,ine.  It  is  more  difficult  to  obtain  CERs  at  the  component  level  than  at  the  weapon- 
system  level. 

This  study  has  presented  methodology  for  •■elating  the  time-of-arrival  of  a 
bundle  of  performance  characteristics  sought  in  a military  engine  at  the  model 
qualification  test  date  for  that  engine.  The  methodology  was  made  possible  because 
25  years  of  disaggregated,  homogeneous,  longitudinal  data  were  available  from  the 
engine  manufacturers. 


MILITARY  LIFE-CYCLE  FINDINGS 

How  much  does  it  cost  to  ac  luire  and  own  a military  engine?  It  would  appear 
that,  even  today,  nobody  really  knows  the  full  cost  of  an  engine's  life  cycle.  No  study 
to  date  has  clearly  defined  the  cost  elements  and  the  associated  actual  life-cycle 
costs  for  an  ongoing  engine  program;  nor  has  anyone  formulated  a sound  methodol- 
ogy for  obtaining  such  cost  estimates  in  any  detail,  to  be  used  in  the  early  planning 
for  new  engines.  Nobody  really  understands  the  full  magnitude  and  correct  propor- 
tions of  costs  attributed  to  life-cycle  phases  for  an  engine.  Although  development 
and  procurement  costs  are  fairly  well  understood,  it  is  still  difficult  to  predict  the 
cost  of  a new  engine  program  with  high  accuracy.  The  results  of  this  study  indicate 
that  the  magnitudes  of  development,  procurement,  and  ownership  costs  are  consid- 
erably higher  than  previously  estimated.  Not  only  the  magnitude,  but  also  the 
composition  of  ownership  costs  as  related  to  a weapon  system,  are  not  well  under- 
stood. The  extent  of  the  confusion  can  be  seen  from  the  range  of  results  obtained 
in  this  study,  where  it  was  necessary  to  use  cross-sectional  data  in  an  attempt  to 
obtain  some  measure  of  operating  and  support  costs  for  engines  in  the  current 
USAF  inventory. 

Can  we  at  least  answer  the  question:  What  is  it  costing  the  Air  Force  to  operate 
a particular  engine  today?  This  study  does  shed  additional  light  on  the  overall  area 
of  engine  total  life-cycle  cost  and  it  provides  a more  reasonable  range  of  cost 
estimates  for  the  current  inventory.  This  study  was  not  undertaken  with  the  expec- 
tation that  100  percent  of  the  total  life-cycle  cost  could  be  obtained.  It  was  hoped, 
however,  through  direct  and  indirect  means  of  data  analysi,  nd  with  some  mea- 
sure of  confidence,  to  identify  and  capture  the  major  shai  e of  costs  and  to  ensure 
that  no  significant  cost— one  that  could  influence  a policy  decision — would  be  miss- 
ing from  the  data. 

The  range  of  opeyatinti  and  support  costs  obtained  for  all  front-line  USAF 
engines  in  the  present  inventory  varied  from  to  $750  per  engine  flying  hour 
during  FY  lO”!,  with  estimates  of  particular  engine  application  varying  by  a factor 
of  two  to  three.  The  wide  range  of  engine  operating  and  support  costs  can  be 
attributed  to  differences  in  the  following; 

— Physical  characteristics 

— Operating  environment 

— Technological  content 

— Technological  advance  sought 
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— Maturity  of  engine  program 
— Age  of  specific  hardware 
— Utilization  rate 
— Data  source 

— Methodological  definitions  and  assumptions 
— Acquisition  policy 
— Operational  policy 
— Logistics  support  policy. 

The  general  findings  of  this  study  are  that: 

• More  money  is  spent  in  ownership  than  in  acquisition  of  engines  (not 
including  fuel  and  attrition  in  a 15-year  operational  life  span. 

• Progress  has  been  made  in  modeling  ownership  costs  for  depot  and  base 
maintenance.  The  model  presented  in  this  study  found  the  current  produc- 
tion-unit selling  price  and  the  average  or  maximum  time  between  over- 
haul to  be  the  '.-.lost  significant  variables.  Although  time-of-arrival  terms 
did  not  enter  Into  these  models,  these  terms  are  strong  determinants  in  the 
production  unit  lulling  price  model  and  thus  affect  the  results,  although 
indirectly. 

• Leverages  do  exist  such  that,  during  the  operational  life  span,  spending 
additional  money  earlier  in  an  engine's  life  cycle  can  yield  substantial 
reductions  in  operating  and  support  sums  later  on,  This  was  true  of  past 
systems,  and  it  is  even  more  true  of  newer  high-technology  systems.  Pro- 
curement costs  for  new  systems  have  greatly  increased,  and  operating  and 
support  costs  have  kept  pace  with  them;  they  appear  to  be  at  least  as  large 
as  procurement  costs  and,  in  some  cases,  appear  to  account  for  an  increas- 
ing percentage  of  total  life-cycle  cost. 

The  extent  of  the  tradeoff  between  acquisition  and  ownership  costs  is  still  not 
known,  in  terms  of  how  much  improvement  in  engine  quality  could  be  obtained  for 
additional  sums  spent  earlier  in  development,  and  the  extent  to  which  that  im- 
provement would  reduce  ownerehip  costs  later  on  in  specific  operations  and  support 
ureas.  Previous  experience  indicates  that,  usually,  reliability  significantly  improves 
when  additional  time  and  money  are  allocated  during  the  engine’s  initial  operation- 
al maturation.  In  turn,  this  improved  reliability  strongly  affects  mission  capability 
and  support  costs. 

• Assuming  a 15-year  life  span.  Component  Improvement  Programs  (CIP) 
conducted  during  the  engine’s  operational  life  can  cost  as  much  as  it  did 
to  develop  the  engine  to  its  initial  150-hour  Model  Qualification  Test 
(MQT).  An  engine  design  has  an  inherent  quality,  but  once  the  detailed 
design  is  transformed  to  hardware,  it  remains  for  testing  and  o»  tional 
experience  to  bring  out  that  quality  to  the  fullest.  Testing  is  an  , jsolute 
necessity,  and  it  must  embody  the  appropriate  time,  conditions,  and  proce- 
dures so  that  major  problems  are  discovered  and  corrected  as  quickly  as 
possible  within  the  limits  of  sound  engineering  practice.  It  is  clear  that  CIP 
have  improved  engine  reliability,  partly  because  of  the  past  practice  of 
placing  tight  time  constraints  on  the  development  process  and  leaving  a 
considerable  portion  of  the  maturation  process  until  operational  usage. 


«8 


• ThtM  o I’otuos  a poii^t  in  an  anjiina’s  inaturatioiv  however,  wlu  n conaidera- 
tiot^  aiiouKi  he  t n (o  s'K^ifie  ntly  reducing  (''IP.  That  point  arrives  when 
I he  enjtine  has  alUiined  a reasonahle  reliability,  bat  oonlitund  chanKes  are 
perturhin);  the  system  and  eai;sin^  diflieulties  that  are  no  loiiKer  worth 
overeoininjt  lor  the  sake  of  trifling  intprovements  in  capability.  The  .)7P 
experience  during;  the  last  live  or  six  years,  for  example,  indicates  that 
even  tlunittb  C'lP  has  been  continuing,  MTBO  has  not  increased,  removal 
ratt's  of  enj{ines  IVom  aircrtdi  at  hast«s  have  not  decieased.  ATBt)  has  not 
appreciably  increased,  and  averaxe  ,e  of  installed  enjiines  has  not  in- 
creased, 'I’his  is  a comforUible  situation  to  manage,  both  at  the  ha.se  and 
de|H)t  lovelr.  and  it  could  be  stated  that  the  CIP  is  helping;  the  J79  to  gi-ow 
old  H''*»t'®lbll.v.  If  the  Air  Fotx'e  wished  to  maintain  this  situation.  wouUl 
there  he  a prohlem  without  the  CIP?  The  chancea  at  e that  there  wttuld  not 
he,  and  life  would  probably  l>e  simpler  for  everybody.  KitpneermK' 
chtintjes  continue  to  come  ttxtm  tbe  CIP  program  for  tbe  they  require 
some  new  ntodilications  and  the  purchase  ot'addiliomtl  parts,  with  result- 
in>{  perturbations  in  tlu  system.  The  reliability  of  the  new  parts  is  uncer- 
tain, nor  is  it  known  how  they  will  allect  older  parts  the.'’  are  related  to. 
Suddenly,  in  place  of  known  reliabilities  tutd  iamiliar  dockage  proce- 
dures, the  AF1.C  isconiVonted  with  a c*!anj.’ed  situation  in  \,'hich  it  takes 

■me  to  learn  new  failuix'  rates  and  perhaps  18  months  to  order  new  t'arts. 
For  such  reasons,  the  airlines  uicreasin^ly  reiect  enniiteerinK  changes, 
except  for  wtl'ety,  as  the  engine  achieves  maturity  alU*r  tive  to  sevei^  yi'arr. 
of  opvirational  experience.  T'ae  defenders  of  t'lP  point  out.  however,  that 
CIP  are  justitiod  by  another  of  their  u.set\il  funi  tions:  They  restiu-e  spec 
performmtce  to  reworked  parts  at  the  d.epot  by  devisiuK  new  ri'pair  tech 
niques  as  hantware  jfets  older.  To  investigate  the  vaiulily  t>f  such  arnu 
men's,  an  aiadysis  of  depot  reject  rates  should  be  perlbrmeil '...  ass<>ss  the 
relationship  .'f  temperature  and  stidl  maixin  (bi  itewly  overhauleil 
nines,  Perhapc  some  modest  deterioration  could  he  allowed  because  tlu' 
engine  tends  to  n«?t  hotter  and  lost'  stall  nuu’nin  as  it  nets  oldei’  and  hi.ses 
its  performance  internally.  There  is,  of  covn  se,  a tradeoll'bet  Wv-en  cost  and 
performance,  durability,  reliability,  and  mamtainabiiity.  One  possibil  s 
to  desinn  aiul  test  a new  en.nine  to  hinder  pei  liu  tnap-e  levels,  if  a pai 
lar  level  is  to  he  required  for  the  weapon  .system  ai\d  to  he  held  at  each 
depot  visit.  Thi.s  is  an  alternative  to  relaxinn  the  depot  .spec. 

With  ;he  new  ei\nine  deveUrpment  process  ail  vocatetl  by  the  Air  Korci'.  product 
I'eiiahility  slmuUl  he  coii.siderably  enhanced  at  the  heninninn  of  operational  serviii' 
and  sho'ild  attain  hinhcr  levels  at  an  earlier  point  in  the  life  cycle.  It  is  recoin 
nu'nded,  therefore,  that  with  the  new  development  proci'dtire  ami  with  an  expand 
ed  (ia'.a  base  for  vrackinn  the  ennines.  consideration  be  n'ven  to  stoppinn  ('IP  al\ei 
an  eiinme  has  achie\’ed  a satisfactory  reliability  le'  el, 

• NMien  all  relevant  de^uit  cos's  »ire  accounted  for,  they  can  «>xceetl  ee.niiu' 

procurement  coats.  It  is  iia|Hirtai.'.  'o  obtain  idl  relevant  de|H't  tests  tor 
stipport  of  an  ett>|ine  pro(;ram  and  to  umterstaiul  tU-  lull  cost  i>i  <i\ei  latui 
in^  an  en>;ine,  as  well  a.-  all  other  supisai  i .*  letuis  iw-M  nMinte 

nance.  It  is  recommendtHl  that  tlata  U atutU  I . 
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able,  on  the  benefit/cost  improvements  seen  in  the  product  at  the  depot 
due  to  increased  development  effort  resulting,  from  the  new  development 
procedure.  On<ondition  maintenance  and  the  new  concept  of  modular 
maintenance  should  also  be  analyzed,  and  tests  should  be  conducted  to 
determine  the  value  of  on-condition  maintenance  and  power  management 
in  extending  the  reliability  of  engine  parts  and  reducing  repair  costs. 

Operational  policies  concerning  mission  training,  base-level  support,  depot  sup- 
port, and  engine  spares  for  wartime  contingencies  add  significantly  to  cost,  particu- 
larly when  compared  with  commercial  practice.  Further  study  of  these  areas  is 
recommended.  For  instance,  it  is  important  to  understand,  at  the  component  level, 
the  effect  on  operating  and  support  costs  exerted  by  maintaining  specific  manning 
levels  at  various  types  of  bases  for  contingency  purposes.  TAC,  because  of  rapid 
deployment  considerations,  may  have  reasc  i to  be  oriented  toward  base  support 
of  equipment.  SAC  and  MAC,  on  the  other  hand,  because  they  are  not  expected  to 
operate  from  overseas  bases  in  a ’teady-state  situation,  may  operate  more  efficient- 
ly if  they  emulate  the  commercial  airlines,  with  engine  maintenance  largely  cen- 
tralized at  a single  sliop. 

• There  is  a significant  time  lag  in  implementing  improved  data  collection 
systems,  and  sufficient  data  are  not  now  available  for  accurately  determin- 
ing life-cycle  benefits  and  costs.  Consequently,  the  ability  to  design  to  a 
life-cycle  cost  is  in  the  future.  Meanwhile,  for  new  weapon  systems  cur- 
rently being  contemplated  for  the  1980s,  a philosophy  of  designing  an 
engine  to  a production  unit  selling  price  for  the  engine  quality  desired  is 
a reasonable  alternative. 

Even  if  the  data  were  available  and  a methodology  were  developed  to  perform 
a meaningful  life-cycle  analysis  for  a new  engine,  a basic  problem  of  implementa- 
tion still  remains.  Decisionmaking  during  weapon-system  selection  has  been  highly 
centralized.  The  need  of  the  user  has  been  qualitatively  assessed  in  terms  of  an 
expected  threat.  Although  the  using  and  supporting  organizations  furnish  high- 
level  inputs  during  concept  formulation,  they  lack  real  influence  during  the  later 
validation  and  development  process  and  therefore  cannot  maintain  pressure  to  see 
that  their  realiotic  needs  are  met  as  they  face  the  problems  of  operating  and 
supporting  the  new  system.  Th"?  new  Acquisition  Logistics  Division  ir.  AFI  C is  an 
attempt  to  remedy  this  situation. 


COMMERCIAL  LIFE-CYCLE  FINDINGS 

A number  of  commercial  practices  suggest  possible  avenues  toward  life-cycle 
improvement  for  the  military  in  procurement,  operations,  maintenance,  ar.d  cost 
management.  In  particular,  engine-power  management,  on-condition  maintenance, 
appropriate  testing  for  modifications,  and  cost  tracking  and  profiling  appear  to  be 
beneticial  to  the  airlines,  although  they  cannot  always  fully  quantify  benefits  and 
costs. 

The  Air  Force  h ts  taken  beginning  steps  in  some  of  tl.ose  directions,  most 
notably  in  power  management  to  cut  down  on  hot  time.  Some  aircraft  are  having 
their  throttles  mtheted  to  nece«sar>  uses,  and  t»n  excursion  counter  has  lieen 
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installed  on  the  FlOO  engine  in  the  F-15  aircraft  (although  it  is  not  v«  v-r  v 

well  in  operational  practice).  Power  management  is  being  applied  not  o;  i y ir?.  ; C, 
where  it  might  be  expected  because  of  the  similarity  to  commercial  experience,  but 
also  out  of  necessity  in  TAC,  because  of  engine  reliablliiy  and  durability  problems. 
These  are  worthwhile  actions,  but  the  Air  Force  does  not  appear  prepared  to  collect 
data  from  this  experience  for  comparison  with  the  previous  situation  in  order  to 
assess  what  power  management  is  worth  for  different  applications.  The  airlines 
themselves  do  not  know  that  worth  precisely,  particularly  for  high-bypass  engines, 
which  started  off  with  power  management  from  the  beginning;  however,  they  do 
have  some  data  from  earlier  JT3D  and  JT8D  experience  that  indicate  a significant 
extension  of  hot-parts  life.  If  the  airlines  believe  power  management  is  worthwhile, 
it  should  be  even  more  so  for  the  military  and  their  performance-dominated  situa- 
tion. It  is  recommended  that  the  Air  Force  conduct  testa  and  collect  the  data  to 
assess  the  value  of  power  management  across  their  front-line  inventory  in  MAC, 
SAC,  and  TAC. 

On-condition  maintenance  has  yielded  cost  savings  for  the  airlines,  not  only  in 
terms  of  level  of  work  in  the  shop,  but  also  in  aircraft  availability.  The  Air  Force 
is  now  considering  moving  in  this  direction  with  several  new  engine  programs  that 
are  capable  of  using  on-condition  inspection  procedures,  data  trending  analysis,  anu 
modular  maintenance  concepts.  Careful  analysis  of  data  as  the  - become  available 
should  indicate  the  value  of  this  trend  for  future  engine  designs,  and  indicate 
whether  the  Air  Force  should  move  away  from  its  "hard-time"  philosophy  or 
whether,  when  an  engine  reaches  an  acceptable  maturity  level,  "hard-time”  is  the 
appropriate  policy.  There  is  an  "optimum"  time  buildup  for  engines  under  an 
on-condition  maintenance  policy:  Several  airline  officials  have  expressed  conct'rn 
that  they  may  have  gone  too  far  too  fast  with  this  type  of  maintenance.  Their  worry 
is  that  an  engine  may  reach  the  point  where  it  is  more  expensive  to  replace  parts 
after  many  hours  of  use  than  to  rework  parts  after  fewer  hours  of  use.  The  Air 
Force  di'pot  faces  this  same  tradeoff,  along  with  the  perturbations  caused  by  intro- 
ducing continual  parts  changes  to  a very  large  engine  population. 

The  airlines  conduct  lead-the-fleet  testing  for  modifications  to  their  equipment. 
Manufacturer-proposed  product  improvements  are  increasingly  rejected  (except 
for  safety)  as  years  and  maturity  of  the  product  increase  in  commercial  service.  The 
Air  Force  should  revie\/  its  own  CIP  policy  concerning  changes  as  the  engine 
matures,  as  well  as  its  lead-the-fleet  policy  regarding  the  appropriate  lead  time 
necessary  to  introduce  changes  into  the  fleet.  Lead-the-flei  t aircraft  should  be  two 
years  ahead  of  average  experience  for  military  engitie  programs. 

For  a modular  engine  design,  the  interactions  between  related  modules  tuid 
how  those  interactions  may  degrade  performance  attained  in  the  field  are  still 
imperfectly  understood.  This  is  true  even  though  the  modules  may  li.we  passed 
their  inspection  tests  at  the  depot.  The  airlines  are  gaining  experience  in  this  area, 
however.  There  is  also  a relationship  between  the  i ost  of  overhaul  and  the  flying 
hours  it  restores.  The  more  new  parts  put  into  the  engine,  the  higher  the  probability 
that  it  can  stay  out  in  the  field  longer.  The  military  have  not  demonstrated  or 
analyzed  that  relationship  to  any  extent.  It  has  been  seen  in  commercial  practice, 
but  the  airlines  do  not  necessarily  decide  in  favor  efthe  higher  cost  and  added  flying 
hours.  They  choose  some  optimum  for  the  particular  situation. 
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RECOMMENDATIONS 

This  study,  in  conclusion,  has  arrived  at  the  following  recommendations. 

• Efforts  to  develop  the  methodology  presented  in  this  study  should  be 
continued  as  better  data  become  available.  The  aim  is  to  formulate  a 
comprehensive  life-cycle  model,  incorporating  military  and  commercial 
objectives,  that  will  improve  cost  estimates  and  confidence  in  those  esti- 
mates. 

• Until  a comprehensive  model  is  developed,  it  is  recommended  that  the  Air 
Force  use  the  methodology  in  its  current  form  to  estimate  the  costs  of 
future  engines  (that  is,  of  any  engines  that  are  acquired  in  the  same 
manner  as  in  the  past),  and  to  measure  how  costs  might  change  if  acquisi- 
tion and  ownership  were  conducted  differently. 

• In  the  basic  design  iteration  process,  when  a new  weapon  system  is  under 
consideration  in  the  conceptual  phase,  the  military  user  should  be  brought 
in  and  given  an  important  role  in  selecting  requirements  for  the  final 
design.  Commercial  airlines  are  totally  involved  in  the  early  design  of  the 
product  they  buy.  They  know  their  requirements,  their  route  structure, 
and  the  way  they  are  going  to  use  the  equipment.  It  is  equally  important 
for  the  military  user  to  do  the  same  and  to  make  his  needs  known. 

• The  Air  Force  should  consider  conducting  detailed  tests  for  all  current 
aircraft  and  new  aircraft  entering  the  first-line  inventory,  to  determine  the 
price  it  must  pay  for  the  last  percentage  increment  of  performance  in 
terms  of  loss  in  aircraft  availability  and  engine  reliability,  and  cost  of 
engine  repair  and  overhaul.  Once  the  tradeoffs  are  established,  the  Air 
Force  may  still  not  wish  to  give  up  that  last  few  percent,  but  the  cost  of 
sacrificing  a degree  of  durability  can  be  explicitly  recognized  in  future 
engine  design  selections  and  developments.  Engine  design  must  take  into 
account  mission  profiles,  engine  duty  cycles,  specifications,  accelerated 
service  testing,  engine  monitoring,  and  the  usage  of  the  data  base.  An 
accelerated  lead-the-fleet  service  test  might  fit  into  the  new  Air  Force 
development  concept  in  terms  of  establishing  a reliability  trend  for  an 
engine.  The  Air  Force  is  moving  in  this  direction.  Previous  SAB  studies 
arrived  at  similar  recommendations.  It  was  the  intent  of  this  study  to 
present  the  framework  for  analysis  as  improved  data  become  available 
throughout  the  life  cycle. 

• It  is  recommended  that  Air  Force  begin  collecting  and  preserving  disaggre- 
gated, homogeneous,  longitudinal  data  at  both  depots  and  buses,  associat- 
ed with  specific  engine  types.  Currently,  efforts  have  just  begun  to  sepa- 
rate base  maintenance  costs  by  weapon  system;  and  existing  studies  of 
total  depot  costs  for  engines  do  not  consistently  include,  along  with  over- 
haul of  whole  engines,  the  cost  of  parts  repair  during  overhaul,  the  cost 
of  expendable  parts,  the  full  cost  of  replacing  condemned  reparables,  and 
the  repair  of  components  received  directly  from  the  field  and  returned  to 
the  field. 

A review  of  operating  and  maintenance  techniques  and  policies  for  all  using 
commands  is  desirable  to  assist  in  bringing  on-condition  maintenance  and  power 
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management  to  fhiition.  Engine  diagnostic  systems  could  aseist  in  obtaining  signifi- 
cant improvements.  Progreai  is  already  being  made  in  this  area. 

The  Air  Force  can  expect  to  face  a problem  in  the  matter  of  Incentives  for  the 
decentralized  developing,  using,  and  supporting  organizations  responsible  for  car- 
rying out  new  weapon-system  acquisition,  operation,  and  support  policies  that 
might  result  fVom  life-cycle  analysis  [20].  High-level  Air  Force  management  must 
make  it  clear  to  these  organizations  that  life-cycle  analysis  is  here  to  stay.  Contrac- 
tors must  be  made  equally  aware  of  their  role,  and  the  credibility  gap  between  the 
military  services  and  contractors  must  be  bridged.  The  military  customer  may  have 
doubts  about  the  contractor’s  ability  or  willingness  to  use  valid  life-cycle  analysis 
in  proposing  new  systems,  especially  if  the  results  could  affect  follow-on  sales  the 
wrong  way.  The  contractor  must  be  convinced  that  the  military  is  serious  about 
wanting  to  emphasize  qualities  other  than  performance. 

But  such  new  relationships,  new  ways  of  looking  at  quality,  new  operational 
and  maintenance  practices — and,  certainly,  the  new  full  use  of  lifecycle  analysis — 
will  not  spring  into  being  overnight. 

If  life-cycle  analysis  is  to  become  a way  of  life  in  the  military  services,  and  if 
aspects  of  quality  other  than  engine  performance  are  to  b ^ asidered,  the  services, 
the  Department  of  Defense  , and  the  highest  levels  of  government  must  lend  their 
continuous  support  in  the  form  of  both  decisions  and  actions. 


Appendix  A 

IMPORTANCE  OF  EARLY  PLANNING  FOR  LIFE-CYCLE 

DECISIONMAKING 


Many  people  in  the  defense  community  contend  that  almost  all  the  important 
decisions  defining  and  committing  a weapon  system  to  a total  life-cycle  capability 
and  cott  are  made  by  the  time  the  system  is  approved  for  full-scale  production 
(DSARC  III).  For  instance,  Fig.  A.l  shows  the  results  of  a Boeing  study  of  their 
experience  with  several  quite  varied  weapon  systems.  As  indicated,  95  percent  of 
the  life-cycle  cost  has  been  defined  upon  arrival  at  the  DSARC  III  milestone — 
almost  the  entire  life-cycle  cost  at  this  relatively  early  point  in  time.  This  implies 
that  a hardware  design  of  inherent  quality  and  expected  capability  has  already 
been  specified  and  developed  to  a certain  state  by  this  time,  and  all  the  accompany- 
ing decisions  on  a particular  basing  posture,  mission  profile,  utilization  of  the  fleet, 
logistics  support,  and  manning  and  training— decisions  that  sei.  the  desired  capabili- 
ty and  resulting  cost  elements — have  been  made.  Later  decisions  affect  some  mar- 
ginal amounts  of  costs,  such  as  those  arising  from  product  improvement  programs, 
but  commitment  to  the  necessity  for  these  improvement  programs  is  really  made 
earlier  to  the  extent  that  the  d'^sired  design  is  pushing  the  state  of  the  art  in  the 
early  development  progran  learly,  one  must  continue  the  maturation  of  the 
weapon  system  after  its  introduction  in  the  operational  inventory,  particularly  if 
it  has  been  hurried  into  operational  use.  Not  all  the  problems  can  be  solved  in  the 
development  process,  but  there  has  to  be  some  adequate  measure  of  capability  at 
Initial  Operational  Capability  (IOC);  consequently,  there  is  a tradeoff  between  time 
and  money  spent  in  development  to  improve  capability  and  reduce  cost  in  operation 
and,  particularly,  the  kind  of  testing  employed  to  obtain  this  initial  operational 


Fig.  A.l — System  decisions  defining  total  life-cycle  costs 
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capability.  Of  course,  if  the  military  waited  until  the  new  system  was  fully  perfect- 
ed, they  might  never  get  it  or  it  would  le  obsolete  by  the  time  they  did;  the  common 
solution  is  to  accept  a middle  ground  between  inadequacy  and  perfection.  Most  of 
the  impact  of  later  decisions  aimed  at  improvement  in  operational  service  seems 
to  affect  the  capability  side  of  the  weapon  system  more  than  the  cost  side.  A recent 
Rand  study  indicates  that  once  the  Air  Force  is  fully  committed  to  a particular 
weapon-system  design  and  is  implementing  that  program,  the  leverage  is  on  im- 
proving capability  rather  than  on  reducing  the  cost.* 

Does  the  engine  life-cycle  cost  commitment  look  like  the  Boeing  curve  in  Fig. 
A.l?  The  answer  is  unclear.  Once  the  design  requirements  are  set  (i.e.,  for  perfor- 
mance, durability,  reliability,  and  maintainability),  cost  tradeoffs  may  be  limited. 
By  the  nature  of  the  acquisition  strategy  selected,  a life-cycle  cost  commitment  is 
being  made  even  though  the  designer  may  not  yet  fully  porceive  its  magnitude. 
Consequently,  if  decisions  are  already  made,  if  development  and  production  have 
been  committed  in  a specific  context  to  a constrained  schedule,  if  endurance  at  the 
MQT  has  been  accepted  regardless  of  the  impact  on  the  weapon  system  and  thus 
the  CIP  and  modification  costs  are  already  assumed  to  be  necessary  to  achieve  a 
satisfactory  level  of  reliability  and  durability,  then  thio  figure  may  obtain  at  the 
component  level  as  well  as  at  the  weapon-system  level. 

Also,  at  the  engine  subsystem  level,  if  reliability  and  durability  improvements 
can  be  obtained  from  spending  additional  resources  earlier  and  can  then  be  trans- 
lated into  fewer  periodic  inspections  at  the  base  (and  base  manpower  is  reduced 
accordingly),  and/or  into  significantly  fewer  trips  to  the  depot  for  overhaul  beyond 
what  was  expected  in  early  planning,  then  the  finding  that  improvements  affect 
capability  much  more  than  cost  may  not  be  correct  at  the  component  level  for 
engines.  The  leverage  involved  may  differ  for  specific  subsystem  such  as  airframe 
and  engine.  This  issue  needs  further  research. 

‘ This  has  been  seen  in  our  current  A-7D  research  within  the  Weapon-System  Life-Cycle  Anulysif- 
Project.  This  research  seems  to  show  that  product  improvement  programs  aimed  nt  improving  the 
reliability  of  an  existing  weapon  system  such  as  the  A-7D  affect  capability  much  more  than  they  do  cost. 
The  study  indicates  tfiat  doubling  the  MTBF  of  the  weapon  system  results  in  a 60-percent  improvement 
in  availability  of  the  system  to  fly  a sortie,  but  only  about  a 6-percent  reduction  in  cost.  The  mes.sage 
appears  to  be  that,  if  one  understands  early  in  the  conceptual  phase  what  the  potentials  are  !br 
pertbrinance/schedule.'cost  tradeoffs,  one  can  achieve  some  balance  in  terms  of  the  most  beneti* 
achieved  for  the  weapon  system  at  the  lowest  life-cycle  cost.  See  Refs.  21  and  22.  and  an  unpublished 
Rund  study  by  J.  R.  Gebman  et  al. 


Appendix  B 

A NOTE  ON  DEFINITIONS  AND  DATA  SYSTEMS 


DEFINITION  OF  ENGINE 


Within  the  tech  order  definition  of  a weapon  system,  the  engine  falls  under 
work  unit  code  23,  and  the  engine  parts  are  described  within  the  work  unit  code 
manual  for  the  specific  weapon  system.  However,  among  the  various  weapon  sys- 
tems in  the  Air  Force  inventory,  there  is  no  uniformity  on  what  portions  of  the 
engine’s  related  accessories  fall  within  the  23  work  unit  code  context,  what  portions 
become  associated  with  airframe  work  unit  code  numbers,  and  what  airframe 
accessories  are  assigned  within  the  engine  23  work  unit  code  number.  Care  must 
therefore  be  exercised  in  comparing  certain  data. 

Concern  is  expressed  here  not  only  with  the  whole  engine,  but  with  the  engine- 
related  accessories  (for  instance,  the  main  fuel  control,  the  afterburner  fuel  control, 
fuel  pumps,  and  gear  box),  and  also  airframe-related  accessories  that  may  be  within 
the  engine’s  work  unit  code  structure.  Airframe-related  accessories  are  part  of  the 
QEC,  or  Quick  Engine  Change  kit;  such  accessories  inciude  the  starter  and  auxili- 
ary power  units,  and  in  a number  of  cases  for  afterburning  engines,  the  afterburner 
is  assigned  to  the  QEC.  When  an  afterburning  engine  is  removed  from  an  airframe 
to  be  sent  to  the  depot  for  overhaul,  the  afterburner  and  QEC  are  removed  from 
the  engine  and  only  the  dry  engine  configuration  (including  its  accessories)  is  sent 
to  the  depot.  The  afterburner  is  considered  part  of  the  QEC,  but  is  really  an  engine 
component  that  can  be  repaired  in  the  field,  and  only  in  very  special  circumstances 
are  afterburners  for  particular  engines  sent  back  to  the  depot  for  some  special 
overhaul  procedure.  The  propulsion  shop  can  do  the  QEC  repair  as  well  as  engine 
and  engine  accessory  repair.  QEC  repair  should  not  be  charged  against  the  engine. 
But  when  an  engine  is  removed  from  the  weapon  system  to  be  sent  to  a depot,  then 
all  the  woi  k of  removing  the  QEC  should  be  charged  to  the  etigine.  Another  prob- 
lem with  engine  or  airframe-assigned  accessories  is  that  they  nmy  be  repaired  at 
different  air  logistics  centers,  depending  on  whether  they  are  defined  as  engine- 
related  or  airfVame-related,  and  thus  may  be  captured  in  a different  cost  accounting 
system.  An  addition?.!  problem  at  a given  base  arises  if  more  than  one  type  of  engine 
is  being  repaired  at  that  base,  which  is  usually  the  case.  Also,  other  shops  supply- 
labor  to  the  engine  shop  for  engine  repair  work.  For  these  reasons,  relating  base 
maintenance  cost  to  a specific  engine  ' not  a straightforward  task.  MDC  66-1  will 
give  direct  maintenance  hours  expended,  but  no*  maintenance  available  or  parts 
costs.  It  is  a difficult  data  problem,  then,  to  measure  exactly  the  overall  effort 
chargeable  to  a specific  engine's  maintenance,  and  thus  obtain  base-level  costs  for 
engines  in  termj  of  labor  and  parts. 
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DATA  SYSTEMS 

The  lesson  one  learns  over  and  over  again  wher  trying  to  gain  a life-cyrle 
perspective  of  a weapon  system  is  that  a large  number  of  data  systems  must  be 
reviewed  to  obtain  the  pieces  of  data  needed  for  assembling  an  overall  picture  of 
the  life  cycle.  There  is  preaantly  a lack  of  certain  data  in  the  particular  form  needed 
for  analysis,  especially  ownership  data.  There  is  in  addition  the  problem  of  inconsis- 
tency of  data  sources—  .wo  data  systems  that  disagree  although  both  supposedly 
obtain  the  same  data  from  the  same  basic  source.  Part  of  the  problem  may  be  that 
the  two  sources  do  not  exactly  cover  the  same  time  period;  perhaps  one  of  the 
sources  requires  more  reporting  approvals  and  needs  more  time  to  get  the  data 
through  channels  than  does  the  other.  Another  reason  may  be  that  all  the  available 
data,  overseas  as  well  as  CX)NUS,  may  be  in  one  system  and  not  in  another;  the  user 
may  be  confused  unless  that  scope  is  clearly  stated. 

The  type  of  data  most  readily  available  for  this  study  were  aggregated,  hetero- 
geneous, and  cross-sectional  in  nature;  that  is,  gross,  weapon-system  level  cost 
to*^aIs  fur  several  fiscal  years  that  may  not  be  internally  consistent  across  those 
years.  Life-cycle  analysis  requires  disaggregated,  homogeneous,  longitudinal  data, 
cost  data  broken  down  below  weapon-system  level  into  specific  consistently  defined 
categories,  available  over  a considerable  period  of  time,  such  as  ten  years.  Nowhere 
in  the  USAF  have  ownership  cost  data  been  preserved  for  such  a period;  the 
general  practice  is  to  save  cost  data  for  about  three  to  four  years.* 

For  engines,  the  best  source  of  RDT&E/CIP  and  procurement  data  is  the  con- 
tractor, since  he  is  in  the  best  position  to  break  out  the  detailed  cost  elements  for 
each  portion  of  the  various  costs  associated  with  a particular  contract,  and  he  does 
save  these  cost  data  for  many  years.  These  data  are  valuable  to  him  for  analysis 
of  new  engine  programs,  whereas  the  military  services,  because  specifir  contracts 
may  cover  a multitude  of  items  procured  by  a lump-sum  cost,  are  hard-pressed  to 
attempt  a detailed  breakout  of  costs  long  after  the  faci.  For  instance,  a given  Air 
Force  contract  may  include  not  only  the  procurement  of  v-  hole  engines,  but  some 
allotment  to  spare  parts,  management  data,  field  support,  and  so  forth. 

The  best  data  source  at  present  for  depot  costs  appears  to  be  the  H036B  data 
system,  which  Hq  AFLC  uses  to  forward  to  DoD  its  depot  repair  costs  for  aerospace 
equipment.*  An  additional  source  of  depot  cost  data  is  the  DPEM  account  obtained 
from  the  comptroller  at  AFLC  (G072  data  system).  The  G019  MISTR  data  (Manage- 
ment of  Items  Subject,  to  Repair)  are  also  valuable.  MISTR  items  concern  the  repair 
of  reparable  parts  for  engine  overhaul  and  also  for  field  support  of  those  items. 
Under  the  current  AFLC  Plan  72-10,  certain  MISTR  costs  are  now  apportioned  to 
the  whole  engine  depot  overhaul  cost,  so  that  H036B  would  appear  to  capture  an 
estimate  of  the  full  cost  of  overhauling  a whole  engine.  MISTR  also  would  have  the 
detailed  costs  concerning  field  support  of  reparable  parts.  What  is  needed  at  the 
depot  level  is  not  only  the  whole  engine  overhaul  cost,  but  also  costs  for  engines 

'■  This  18  perhaps  going  to  change  in  the  near  future;  several  data  systems  forthcoming  at  OSD  and 
Hi;  USAF  apparently  will  preserve  costs  over  a longer  period.  VAMOSC  (Visibility  and  Managemeiit 
of  Operating  and  Support  Costs.  OSD/I&Ll  and  OSCR  (Operating  and  Support  Cost  Reporting,  AFAC) 
are  now  being  implemented,  it  is  to  be  hoped  that  similar  systems  will  also  provide  the  kind  of  data 
needed  at  the  subsystem/component  level. 

’ See  DoOI  7220.29.  Data  as  of  1974  reflect  the  new  system  and  are  of  higher  quality.  Earlier  data 
are  suspect. 
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repaired  but  not  overhauled,  MISTR  costs  associated  with  repair  of  reparable  parts 
from  the  field  that  are  then  returned  to  the  field,  the  costs  of  modification  patts,  and 
the  recurring  investment  cost  of  reparables  that  are  added  to  stock  when  other 
reparables  are  condemned.  Expendable  parts,  accounted  for  by  the  stock  ftmd,  are 
included  in  the  fully  burdened  depot  labor  charge  against  overhaul  and  repair  of 
engine  and  exchangeables.  All  these  different  costs  must  be  included  in  an  analysis 
of  depot  costs. 

To  obtain  cost  elements  at  the  base,  the  Resource  Management  System,  which 
uses  the  1050  computer,  is  useful  for  ct^ts  associated  with  specific  base  cost  centers. 
This  system  will  provide  the  cost  associated  with  operating  the  engine  shop,  for 
instance.  The  difficulty  in  obtaining  engine-related  base  costs  is  that  a single  base 
may  take  care  of  two  or  more  engine  types,  and  the  engine  shop  is  not  the  only 
source  of  labor  related  to  engines.  Costs  associated  with  the  engine  shop  involve 
work  on  all  engine  types  at  a base,  and  costs  are  not  separated  by  weapon  system. 
Another  data  source  for  manpower  expenditure,  direct  labor  expended  at  the  base 
to  fix  specific  hardware,  is  the  66-1 MDC  data.  These  daUi  detail  the  direct  manpow- 
er expended  to  maintain  the  weapon  system,  and  it  is  possible  to  extract  the  work 
unit  codes  associated  with  scheduled  and  unscheduled  engine  maintenance.  But 
even  here,  there  are  problems.  Knowing  the  man-hours  consumed  from  66-1  does 
not  give  the  full  cost  of  manpower  in  the  engine  shop.  Utilized  manpower  is  not  the 
same  as  available  manpower.  One  way  to  obtain  the  full  manpower  cost  is  to  refer 
to  the  Unit  Detail  Listing  (UDL)  to  determine  the  number  of  people  in  the  engine 
shop.  The  UDL  headcount  of  an  engine  shop  would  then  reflect  the  major  share  of 
the  cost  of  base  maintenance  for  all  propulsion  on  that  base.  It  would  not,  however, 
••  '*iect  the  total  costs.  As  previously  noted,  specialists  are  often  borrowed  from 
other  shops  to  perform  work  on  engines;  there  are  other  support  areas  such  as 
Nondestructive  Inspection  (NDI)  that  are  almost  totally  monopolized  by  the  engine 
shop;  and  there  is  the  maintenance  effort  associated  with  the  ground  support 
equipment  needed  to  support  engine  maintenance. 

Regarding  spare  parts,  the  engine  manager  at  the  depot  is  perhaps  the  best 
source  of  data,  particularly  for  the  reparable  parts.  He  has  some  expendable  parts 
costs,  but  he  may  not  have  them  all.  Depot  supply  and  base  supply  may  have  to  be 
checked  to  determine  what  portion  of  expendable  parts  is  being  consumed  outside 
the  engine  manager’s  cost  accounting  system.  One  of  the  engine  spare  parts  pro- 
grams is  the  D041  at  the  depot.  In  addition,  engine-related  systems  information, 
such  as  D024  for  engine  data  and  D056  for  weapon-system  data,  are  useful  in 
providing  certain  information  on  engine  overhaul  times,  maintenance  man-hours 
expended  per  flying  hour,  MTBFs,  etc. 

Tlrere  have  been  attempts  at  bringitsg  ail  the  operating  and  support  mainte- 
nance data  together.  One  example  is  the  AFIX  data  system  called  Increased  Relia- 
bility of  Operational  Systems  (IROS),  which  is  intended  to  bring  together  mainte- 
nance labor  and  parts  costs  associated  with  the  depot  and  the  base  for  a given 
weapon  system  by  work-unit  code.  IROS  could  not  be  used  for  this  study  since  one 
of  its  major  problem  areas  is  with  engines.*  It  should  be  emphasized  that  a data 
aystem  such  as  IROS  could  be  extremely  valuable  for  life-cycle  cost  tracking. 

• See  M.  R.  Fiorello  and  P.  Konoake-Oey,  An  Appraiaat  of  Loniatic  Support  Coats  Vaed  in  the  Air  Forcr 
IROS  Program,  The  Kiutd  Corporation,  R.1569-PR,  February  1976.  Suggeetiona  are  presented  in  the 
report  for  improving  IROS  ua^InMo. 


Appendix  C 

DEPOT  MAINTENANCE  AC  VITY 


The  primary  function  of  the  USAF  engine  depot  is  to  overhaul  engines  and 
accessories  to  restore  them  to  what  is  termed  a "zero-time”  status,  allowing  the 
overhauled  hardware  to  be  flown  again  to  the  maximum  time  allowed  by  mainte- 
nance policy  decisions.  Besides  this  primary  function,  several  other  engine-related 
repair  activities  go  on  at  a depot.  They  include  immediate  correction  of  hardware 
deficiencies  that  are  causing  safety-of-flight  problems  and  could  result  in  grounding 
of  the  fleet;  minor  repairs  of  engines  that  do  not  need  major  repairs;  modifications 
to  engines  to  replace  parts  that  have  been  obsoleted  for  deficiency  or  reliability 
reasons;  repair  of  reparable  parts  and  accessories;  and  replacement  of  reparable 
parts  and  accessories  that  are  condemned.  To  understand  the  true  cost  of  operating 
a depot,  all  of  these  activities  and  their  related  cost  elements  must  be  identified  and 
accumulated. 

The  basic  engine  maintenance  philosophy  in  the  Air  Force  might  be  termed 
"hard  time”  in  the  sense  that  certain  maintenance  actions  are  required  in  the  field 
and  at  the  depot  when  a specific  number  of  flying  hours  has  accumulated  for  a 
certain  engine  model  on  a particular  aircraft,  regardless  of  how  well  the  engine  is 
operating  in  the  field.  For  instance,  the  J79  engine  must  have  a periodic  inspection 
at  an  operating  base  at  about  600  flying  hours,  regardless  of  how  well  the  engine 
is  working  on  the  aircraft.  (At  a minimum,  the  combustion  liners  must  be  replaced 
at  that  time.)  For  that  purpose,  the  engine  must  be  removed  and  disassembled  and 
a spare  engine  installed  on  the  aircraft.  It  takes  two  days  to  remove  and  replace 
a J79  engine  on  an  F-4  aircraft,  and  it  can  take  up  to  several  weeks  to  complete  the 
periodic  inspection.  Later  on,  the  engine  must  go  to  the  depot  at  1200  hours  for  a 
zero-time  overhaul,  regardless  of  how  well  it  is  operating.  These  times  are  not 
rigidly  fixed;  there  is  an  allowable  margin  of  plus  or  minus  10  percent. 


DEPOT  COSTS 

The  major  depot  cost  is  considered  to  be  the  cost  associated  witli  "zero-timing” 
an  engine.  In  this  process,  the  engine  is  completely  disassembled  and  the  parts  go 
off  in  various  directions  to  be  reworked,  modified,  or  condemned  and  replaced  by 
new  parts.  Then,  aa  the  "engine  nameplate”  moves  down  the  depot  floor,  these  or 
similar  parts  come  together  again  until,  at  the  end  of  the  line,  the  engine  is  com- 
pletely reassembled  and  is  considered  to  be  a zero-time  engine;  that  is,  it  is  capable 
of  operating  for  the  full  MTBO  interval  ending  with  its  next  trip  to  the  depot.  Most 
of  the  parts  now  in  the  engine  probably  were  not  in  the  engine  when  it  arrived  at 
the  depot. 

The  cost  associated  with  whole-engine  overhaul  is  the  cost  of  labor  and  parts, 
ii:cluding  the  labor  for  whatever  modifications  are  incorporated  into  the  engine 
while  it  is  in  the  depiot.  The  modification  kit  parts  cost  is  not  included;  it  is  a 
separate  account  provided  as  a "free  good”  to  the  depot  or  base,  wherever  the 
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modification  is  being  accomplished.  The  cost  of  these  kits  may  be  in  either  the 
BPllOO  or  BP1500  account,  depending  upon  whether  the  modification  is  a forced 
change  (must  be  done  quickly)  or  can  be  accomplished  at  the  next  zero-time  over- 
haul. All  of  the  parts,  labor,  and  overhead,  except  modification  parts  for  an  engine 
overhaul,  are  considered  to  be  within  the  H036B  cost  accounting  system,  which  is 
the  principal  source  of  depot  overhaul  costs  for  this  study.*  Other  sources  of  cost 
data  have  also  been  investigated  and  will  be  compared  to  the  H036B  cost. 

Apart  from  whole  engine  zero-time  overhaul,  some  engines  require  urgent 
modifications  at  the  depot  during  their  operational  use  in  the  field.  This  occurs,  for 
instance,  when  a major  design  defect  has  been  uncovered,  as  when  a defect  in  the 
first-stage  turbine  of  the  TF41  engine  grounded  the  A-7D  fleet.  The  problem  had 
been  deemed  critical  to  safety  of  flight  and  therefore  had  to  be  corrected  before  the 
aircraft  could  be  restored  to  flying  status.  Such  modifications  are  non-zero-time 
modifications  because  the  rest  of  the  engine  is  usually  left  alone.  Other  critical 
modifications  may  be  added  to  the  work  package,  however,  and  incorporated  con- 
veniently into  the  engine  at  the  same  time.  Data  on  these  activities  are  also  part 
of  the  H036B  system. 

In  addition  to  these  two  costs,  a considerable  depot  cost  is  associated  with  the 
repair  of  parts  and  accessories  of  a particular  engine  that  go  through  the  MISTR 
line  (Management  of  Items  Subject  to  Repair),  but  that  are  not  incorporate  into 
a whole  engine  overhaul.  These  are  parts  that  come  in  from  a base  for  repair,  go 
through  the  MISTR  line,  and  then  go  back  to  the  base.  These  repair  costs  must  also 
be  considered  in  the  engine  life-cycle  cost.  In  addition  to  MISTR,  which  is  confined 
to  component  repair  (e.g.,  a compressor  rotor),  are  the  associated  72- 10  costs  for 
repair  of  all  parts  not  considered  components. 

Table  C.l  lists  man-hour  forecasts  for  work  related  to  engine  overhaul  and 
MISTR  field  support  for  six  engine  programs,  furnished  by  the  Oklahoma  City  Air 
Logistics  Center.  The  estimates  are  for  a planned  FY  1976  workload.  These  are 
planning  figures,  not  actual  data  from  previous  years.  There  appears  to  be  an 
enormous  difficulty  in  obtaining  actual  costs  from  previous  years  for  MISTR  field 
support.  It  requires  a large  manual  effort  al  the  depot  to  separate  MISTR  field- 
support  charges  from  overhaul  charges  for  a given  engine  program.  Such  historical 
data  were  not  available  for  this  study;  consequently,  to  proceed  with  the  task  of 
trend-analysis,  the  estimates  for  F Y 1976  have  been  used  as  a rough  approximation 
to  obtain  the  additional  effort  required  at  the  depot  beyond  overhaul  cost  to  support 
the  repair  of  exchangeables  from  the  field.  Actual  costs  must  be  verified  later  to 
determine  the  accuracy  of  that  portion  of  the  analysis.  From  the  ratios  in  Table  C.l, 
it  can  be  seen  that  the  MISTR  field  support  is  a very  sigiiificant  portion  ot“  depot 
activity  and  must  be  considered  in  estimating  the  cost  associated  with  depot  repair 
for  engines.  Total  lack  of  data  in  the  MISTR  area  over  time  precludes  answering, 
in  this  study,  interesting  policy  questions  concerning  the  effect  of  JEIM  return 
rates,  cost  to  the  depot  of  field  support,  and  the  effect  of  designing  an  engine  tor 
field  maintenance. 

' This  iiccoURt, inn  system  was  initiated  by  DoD  Instruction  7220.29,  I'nifvrrn  i'V/x>.'  .Vtuiofi'iiunci’  ( \isl 
/tcc.mnfin^’  and  Production  Heporlinn  .System,  Octob«T  28,  1968,  which  was  iaior  amended  in  tXtol«T 
IS?."!.  The  new  iKlition  will  now  provide  the  guidance  in  accounting  for  and  reporting  die  costs  iit'de|H)t 
maintenance  and  maintenance  support.  Because  the  first  year  covered  by  the  HandlnKik  will  lie  FY  1977, 
data  from  the  new  system  will  not  lie  available  until  1978 
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Table  C.l 


Engine 

Engine 

Overhaul 

Man-houn 

Engine 

Field 

Supp<»rt 

Man-houra 

Total 

Depot 

Man-houra 

Engine 
Overhaul/ 
Total  Depot 

J67 

660,628 

487,028 

1,137,666 

0.67 

J7B 

237,160 

109,979 

347,129 

0.68 

J79* 

366,721 

76,687 

442,308 

0.82 

TF30 

786,326 

277,986 

1,064,311 

0.74 

TF33 

446,666 

130,886 

676,661 

0.77 

TF41 

686,430 

76,070 

762,410 

0.90 

*Incompl«te. 


Finally,  there  are  the  material  purchases.  Of  concern  are  the  modification  parts 
mentioned  (BPllOO)  and  expendable  (SSSF)  and  exchangeable  materials  (BP1500). 
All  expendable  materials  costs  related  to  a particular  engine  may  not  enter  the 
engine  manager's  cost  accounting  system  within  the  Support  System  Stock  Fund 
(SSSF),  but  may  be  in  the  depot  supply  system  or  base  supply  system  because  of 
direct  purchases  by  these  supply  organizations  from  the  prime  organization  respon- 
sible for  those  particular  parts,  which  may  not  be  the  Air  Force.  The  prime  could 
be  the  Army,  the  Navy,  the  Air  Force,  or  the  Defense  Supply  Agency.  Table  C.2 
presents  cost  data  on  expendable  materials  for  three  fiscal  years.  The  costs  are  for 
families  of  engines,  not  broken  down  by  application.  The  costs  are  sigraficant  and 
can  vary  widely  from  year  to  year,  depending  on  funds  available,  problems  with 
engines,  and  parts  defined  as  expendable  in  any  given  year.  A charge  is  levied  in 
the  "loaded”  la'uor  rate  for  a particular  engine  at  the  depot  to  account  for  expenda- 
ble materials  used  in  overhaul  or  reparable  repair.  Table  C.3  presents  current  labor 
rates  for  selected  engines  at  Oklahoma  City  Air  Logistics  Center.  Note  the  substan- 
tial charge  against  materials  that  are  of  the  SSSF  expendable  type.  One  problem 
is  whether  this  cost  by  family  fully  charges  engines  on  the  basis  of  their  application. 
An  assumption  in  this  study  is  that  the  depot  is  capturing  the  major  portion  of  SSSF 
costs  for  parts  consumed  in  the  depot  and/or  shipped  to  a base,  and  that  the  base 
is  adequately  capturing  its  share.  Thus,  parts  that  might  be  lost  in  accounting  have 
a negligible  effect  on  total  cost.  A problem  with  previous  studies  has  been  the  use 
of  labor  rates  of  about  $10  to  $15  per  hour  when  calculating  depot  labor  costs.  Table 
C.3  shows  a range  of  roughly  $25  to  $40  per  hour.  Without  the  expendable  materi- 
als, labor  rates  are  still  $18  to  $24  per  hour. 

Also  of  concern  is  the  cost  of  the  modification  kits,  parti  that  are  not  included 
in  the  overhaul  costs.  'Hiere  is  a BPl  10  • account,  but  because  engine  costs  are  not 
separated  from  the  total  weapon-system  cost  in  this  account,  BPl  100  costs  do  not 
appear  to  be  available  that  can  be  directly  related  to  at  least  an  engine  family.  This 
should  be  attempted  in  the  future.  Presently,  to  obtain  such  costs,  it  would  be 
necessary,  for  a given  engine  family,  to  go  back  over  the  entire  history  of  that 
engine  in  order  to  gather  together  all  of  the  engineering  changes  that  occurred 
during  its  lifetime.  That  would  be  an  enormous  undertaking  at  this  time.  In  the 
future,  it  would  be  valuable  to  maintain  such  records  separately  and  keep  ac- 
cumulating them  over  time  for  a new  engine.  These  EX'P  costs  should  originate  at 
the  beginning  with  the  SPO  and  continue  on  through  the  engine  manager  at  the 
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Table  C.2 


Expendable  Material  Costs,  SSSF' 
(!n  millions  of  1975  dollars) 


Engine 

FY  73 

FY  74 

FY  75 

Average 

J67 

28.21 

18.96 

14.31 

20.49 

J76 

6.61 

5.97 

3.72 

5.10 

J79 

21.07 

20.99 

24.37 

22.14 

TF30 

7.21 

9.20 

14.16 

10.19 

TF33 

4.72 

7.36 

5.46 

6.84 

TF41 

13.40 

7.94 

23.09 

14.81 

Total 

80.22 

70.40 

86.09 

78.67 

Table  C.3 

Labor  Rates 
(In  1975  dollars) 


Item 

J67 

J76 

J79 

TF30 

TP33 

TP41 

Labor 

Material 

Other 

9.234 

6.060 

13.210 

9.293 

6.942 

14.186 

9.110 

6.006 

11.791 

9.234 

15.828 

13.191 

9.638 

9.284 

13.366 

8.436 

14.204 

10.590 

Total 

28.604 

30.421 

26.907 

38.263 

32.188 

32.230 

depot  when  the  transition  of  the  engine  from  AFSC  to  AFLC  occurs,  thus  maintain- 
ing a total  time  track  of  modifications  to  the  engine  throughout  its  history. 

Reparable  parts  purchases  required  to  replaced  condemned  variables  at  the 
depot  should  be  fully  captured  by  the  engine  manager  (in  what  is  called  the  BP1500 
account).  These  costs,  at  least  by  engine  family,  are  available  and  must  be  consid- 
ered an  additional  charge  against  the  total  maintenance  cost  at  the  depot  for  an 
engine.  Table  C.4  presents  three  years  of  data  for  selected  engine  families.  Again, 
the  costs  can  vary  widely  from  year  to  year  and  they  cannot  be  tracked  to  specific 
applications.  The  wide  variation  can  depend  on  problems  related  to  engines,  fund- 
ing availability,  and  the  use  of  these  funds  in  purchasing  new  parts.  They  are 
sometimes  used  for  BPllOO-type  purchases  if  the  modification  is  not  "forced”  to  the 
depot  immediately  or  if  parts  are  second-time  purchases,  not  initial  purchases. 


DEPOT  REPAIR  COSTS 

The  primary  measure  of  benefit  used  in  this  study  is  the  engine  flying  hour.  In 
examining  an  engine  life  cycle,  there  are  two  views  of  this  benefit  for  estimating 
costs  at  the  depot:  the  flying  hours  consumed  by  the  operating  fleet  and  the  flying 
hours  restored  to  the  fleet  by  zero-timing  at  the  depot.  Under  steady-state  condi- 
tions, it  is  to  be  expected  that  demand  equals  supply  and  that  consumed  flying  hours 
(demanded  by  the  user)  would  approximate  restored  flying  hours  (supplied  to  the 
user  from  the  depot).  This  can  be  seen  from  the  data  in  Table  C.5. 
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Table  C.4 

Coot  of  Replacing  Condemned  Reparables, 
BP1500  Funds 
(In  millions  of  1975  dollars) 


Engine 

FY  73 

FY  74 

FY  75 

Average 

J57 

61.36 

22.93 

41.84 

42  02 

J75 

2.64 

1.91 

10.50 

5.02 

J79 

16.78 

9.50 

11.61 

12.63 

TF30 

26.08 

25.31 

27.38 

26.26 

TF33 

18.53 

6.96 

10.17 

11.89 

TF41 

10.36 

1S.30 

11.80 

11.82 

Total 

135.75 

79.91 

113.30 

109.66 

Table  C.5 

Fleet  Engine  Flying-Hours  Consumed  and 
Restored  At  the  Depot,  Fy  1974 


Engine 

Aircraft 

Fleet 
Engine 
Flying  hr 
Consumed 

No.  of 
Engines 
Overhauled 

Average 
Time  to 
Overhaul 

Engine 
Flying  hr 
Restored 

Ratio 
Flying  hr 
Restored/ 
Consumed 

J57-P-19/29 

B-52D 

375,936 

113 

3,666 

414,258 

1.1 

J57-P-21 

P-lOO 

91,383 

167 

752 

125,584 

1.37 

J57-P-43 

KC-135 

801,715 

358 

3,273 

1,171,734 

1.46 

J75-P-17 

F-)06 

59,527 

77 

874 

67,298 

1.13 

J79-GE*15 

F-4C/D 

577,821 

452 

948 

428,496 

0.74 

J79-GE-17 

F-4E 

307,141 

265 

1,057 

280,105 

0.91 

TF30-P-3 

F-lli 

100,452 

137 

556 

76,172 

O.if 

1F30-P-100 

F-111 

37,946 

18 

374 

6,732 

0.18 

TF33-P-3 

B-52H 

296,009 

101 

2,880 

290,880 

0.98 

'!'F33-P-7/7A 

C-141 

1,242,214 

207 

6.934 

1,435,338 

1.16 

TF3r-OE-l/lA  C-5 

189,336 

11-3 

1,200 

135,600 

0.72 

TF41-A-1 

A-7D 

111,405 

• 115 

333 

38,295 

0.34 

DEPOT  REPAIR  COSTS  SUMMARIZED 

The  full  cost  of  engine  depot  repair  activity  is  the  sum  of  the  costs  associated 
with  zero-timing,  the  repair  line,  field  MISTR  support,  modification  kits,  and  the 
replacement  of  condemned  reparables.  It  was  not  possible  during  this  study  to 
obtain  costs  associated  v/ith  modification  kits  (the  BPllOO  money)  because  the 
funds  were  not  broken  down  below  weapon-system  level.  These  costs  must  be 
obtained  in  the  future  to  improve  the  perspective  on  total  depot  costs.  Two  separate 
data  sources  were  compared  in  arriving  at  depot  repair  costs:  (1)  the  H036B  repair 
cost,  MISTR  estimate,  and  BPioOO  coat,  and  (2)  the  DPEM  account  and  BP1600. 
(Total  DPEM  is  supposed  to  contain  all  MISTR  costs.)  The  two  sources  (H036B  and 
DPEM)  indicate  differsiit  costa  and  flying  hours.  Thus,  a range  of  costs  and  flying 
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hours  is  obtained  for  the  depot  repair  activity,  as  shown  in  Table  C.6.  Table  C.7 
presents  the  results  of  comparing  the  H036B  and  DPEM  data,  showing  costs  esti- 
mated for  both  flying  hours  consumed  and  flying  hours  restored.  For  the  mature 
engines,  the  costs  fall  within  a reasonably  narrow  range,  thus  describing  a fairly 
steady-state  situation,  whereas  for  some  of  the  engines  that  are  in  their  earlier 
phase  of  life  cycle  and  not  as  mature  (i.e.,  the  TF30,  TF39,  TF41),  the  cost  compari- 
son between  consumed  and  restored  hours  shows  a wider  range.  There  is  some 
difference  among  the  various  engines  when  the  two  data  sources  are  compared.  It 
is  interesting  to  note  that  dollar  totals  for  all  engine  activities  vary  by  less  than  7 
percent  between  the  two  data  sources  and  estimates  (See  Table  C.6). 


Table  C.6 

Cost  Data  Comparison 

(In  millions  of  1975  dollars) 


Engine 

H036B 

(reported) 

MISTR 
& MODS 
(eat.) 

Total 

Cost 

Engine 

Flying 

Hours 

(D024) 

DPEM  CosU 
(reported) 

Engine 
Engines  Access. 

Total 

Cost 

Engine 

Flying 

Hours 

(DPEM) 

J57-P-19/29 

6.6 

4.2 

9.8 

375,936 

3.59 

8.13 

11.72 

284,032 

-21 

9.6 

7.2 

16.8 

91,383 

5.04 

1.97 

7.01 

86,921 

-43 

20.3 

15.2 

35.5 

801,715 

17.89 

13.41 

31.30 

868,632 

J76-P-17 

6.6 

2.6 

8.2 

69,627 

1.86 

8.20 

8.06 

60,089 

J79-QE-15 

26.6 

5.6 

32.2 

677,821 

15.29 

20.97 

36.26 

838,342 

-17 

12.3 

2.6 

14.9 

307,141 

— 

— 

— 

— 

TF30-P-3 

10.0 

4.3 

14.3 

400,452 

6.18 

8.91 

15.09 

160,668 

P-100 

3.0 

2.0 

5.0 

37,946 

— 

— 

— 

— 

TF33-P-3 

6.4 

1.9 

8.3 

296,009 

1.92 

6.37 

7.29 

266,296 

P-7/7A 

14.7 

4.3 

19.0 

1,242,214 

3.72 

31.85 

35.67 

1,162,764 

TF39-GE-1/1A  19.7 

2.0 

21.7 

189,336 

3.28 

14.62 

17.90 

177,360 

TF41-A-1 

8.3 

5.5 

13.8 

111,405 

10.96 

4.76 

15.70 

78,071 

Table  C.7 

Depot  Cost  Per  Flying  Hour 


H036B  Totals 

DPEM  Totals 

Engine 

$/EFHC 

$/EFHR 

$/EFHC 

$/EFHR 

JP57-P-19/29 

36 

35 

51 

38 

J67-P-21 

194 

165 

92 

66 

J67-P-43 

64 

46 

46 

37 

J76-P-1T 

167 

146 

153 

139 

J79-OE-16 

67 

83 

(.){ 

62 

J79-aE-17 

60 

64 

TF30-P-3 

266 

296 

(.){^^^ 

406 

TF30-P-100 

266 

622 

TF33-P-3 

32 

32 

31 

29 

TF33-P-7/7A 

19 

17 

35 

29 

TF39-QE-1/1A 

126 

166 

111 

142 

TF41-A-1 

243 

385 

320 

529 

*DPEM  data  are  tor  a combined  weapon  system  (e.g.,  all  F-4  aircraft) 
and  cannot  be  separated  by  engine  dash  numbers. 
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Appendix  D 
BASE  COSTS 


The  engine  costs  at  the  base  are  related  to  maintenance  labor,  parts,  and 
support  for  the  following  activities:  unscheduled  maintenance  in  the  shop,  includ- 
ing removal  and  replacement  of  engines  and  accessories;  periodic  scheduled 
maintenance  (including  base-installed  modifications);  engine  test  checkout  before 
reinstallation;  and  removal  and  replacement  when  an  en^ne  is  to  be  returned  to 
the  depot.  Judging  fVcm  66-1  MDC  and  D056  data,  it  appears  that  from  one-half  to 
two  maintenance  man-hours  per  flying  hour  are  required  for  maintenance  labor  on 
the  engines  of  a variety  of  weapon  systems  in  the  Air  Force  inventory.  In  using  the 
66-1  data,  however,  one  must  be  careful  to  include  all  engine-related  work — the 
scheduled  as  well  as  the  unscheduled  maintenance.  Also  the  data  from  66-1  repre- 
sent labor  utilized.  When  engine  shop  personnel  available  are  counted,  the  mainte- 
nance labor  available  is  on  the  order  of  one-half  to  two  maintenance  man-years  per 
possessed  engine  on  the  base;  this  can  trr  slate  to  from  three  to  six  maintenance 
man-hours  per  flying  hour,  depending  u" . i the  particular  weapon  system  and  its 
flying  hour  program. 

Available  manpower  is  what  the  Air  Force  is  paying  for  in  terms  of  the  total 
maintenance  labor  cost.  The  Air  Force  has  a policy  on  the  necessary  manning  for 
a wartime  contingency,  and  pays  for  that  level  even  if  it  is  not  fully  utilized  in 
peacetime. 

There  are  additional  considerations  in  attempting  to  understand  the  mainte- 
nance workload  for  a particular  engine.  Maintenance  labor  associated  with  other 
shops  is  used  for  engine-related  work.  Included  in  this  category  would  be  Nonde- 
structive Inspection  (NDI),  for  which  specialists  are  drawn  occasionally  from  other 
shops  such  as  welding,  fabrication,  or  electrical,  and  the  maintenance  associated 
with  peculiar  and  common  aerospace  ground  support  equipment  required  to  sup- 
port the  engine.  These  considerations  would  add  to  engine-related  labor.  On  the 
other  hand,  other  considerations  might  cause  engine  labor  to  appear  larger  than 
it  really  is.  Because  the  one  propulsion  shop  at  a base  handles  all  engines  present 
at  the  base  and  does  not  keep  separate  records  by  engine  type,  it  is  difficult  to  sort 
out  engine-specific  maintenance  data  (unless,  of  course,  only  one  engine  type  is 
present  at  the  base).  Also,  it  appears  that  one-fourth  to  one-third  of  base  engine 
shop  labor  may  be  expended  on  Quick  Engine  Change  (QEC)  items.  QEC  items  are 
airframe-related  accessories  that  are  mounted  on  the  engine  for  convenience  in 
removing  and  replacing  the  engine.  A problem  for  the  analyst  with  QEC  labor  is 
to  determine  whether  an  airframe  accessory  had  to  be  removed  to  get  at  the  engine 
or  whether  there  was  a problem  with  the  accessory  itself.  It  is  difficult  to  do  so  with 
existing  data. 

Concerning  parts  costs  at  v base,  the  same  kind  of  data  problems  arise  as 
encountered  at  the  depot.  Reparables  appear  to  be  accounted  for.  since  they  do  flow 
through  the  depot,  the  cost  of  repair  is  captured  there,  and  reparables  are  con- 
demned at  the  depot.  When  they  are  repaired  at  the  depot,  costs  for  labor  and  parts 
are  captured  in  the  H036B  system  if  included  in  a zero-t>me  engine  overhaul,  or  are 
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in  the  field  support  MISTR  or  72-10  accounts  if  n component  or  part  is  returned 
directly  fVom  the  field.  The  overhaul  of  an  ennine  is  charged  with  20  percent  of  the 
current  list  price  of  the  reparable  part  (based  on  latest  purchase  price,  which  could 
be  several  years  old)  when  such  a removed  reparable  is  exchanged  for  a repaired 
reparable.  Condemnation  costa  for  replacing  reparables  are  supposed  to  be  in  the 
20  percent  factor  but  tire  not  adequately  covered  there.  Their  cost  is  captured  by 
the  BP16(K)  investment  account.  The  difficulty  comes  in  fully  accounting  for  the 
expendable-parts  consumption  related  to  engine  repair  at  the  base:  identifying 
what  is  supplied  fVom  a depot  and  what  the  base  buys  ditecUy  offbase  fVom  whoever 
may  be  the  prime  agency  for  a particular  stock  number  (which  could  be  the  Navy 
or  Defense  Supply  Agency  rather  than  the  Air  Force).  Thus,  supply  coat  can  be 
found  within  the  RMS  system  for  a particular  cost  center  like  the  engine  shop.  But 
that  total  cost  (which  includes  consumables,  expendable  parts,  and  other  general 
supply  items)  will  be  the  total  cost  for  supporting  all  of  the  engines  at  the  base,  and 
breaking  it  out  in  terms  of  a particular  engine  may  be  difficult.  How  tii'e  these  costa 
to  be  apportioned  for  the  various  engines  at  a base? 

An  additional  cost  area  is  the  base  operating  support:  supply,  wing  overhead, 
clerks,  technicians,  military  police,  civil  engineers,  hospital,  and  transportation 
people,  and  materials  they  all  use.  are  not  within  the  engine  shop  hut  are  required 
on  the  base  to  support  engine-shop  personnel  and  engine  work.  These  also  represeitl 
an  additional  cost.  To  the  extent  that  training  at  the  base  is  represented  by  tXIT 
(On  the  Job  Training),  this  cost  is  picked  up  by  the  headcount  of  the  propulsion 
shop.  Off-base  training  is  not  considered  here. 

There  appears  to  be  no  single  integrated  daU»  souree  for  all  costs  r<  lated  to 
engine  maintenance  at  a base.  This  study  has  used  data  fk'om  a variety  o ‘sources 
to  estimate  the  base  labor  and  parts  cosh  for  selected  engines  in  the  ir  Force 
inventory. 

At  present,  it  appears  that  one  way  to  estimate  the  base  cost  of  maintenance 
labor  for  an  engine  is  to  examine  the  UDL.  Available  labor  is  what  the  Air  Force 
is  paying  for.  The  data  from  several  selected  bases  indicate  that  maintenance  labor 
will  vary  from  one-half  to  two  maintenance  man-years  per  possessed  engine,  de- 
pending on  the  particular  engine.  Some  administrative  and  support  costs  must  Ih* 
added  to  this  direct  labor  cost  (a  50-percent  add-on  is  assumed  here).  Thus,  one 
maintenance  man-year  is  estimated  to  cost  $10,000  in  direct  labor  and  an  additional 
$5,0(X)  in  indirect  costs,  for  a total  of  $15,000.  Expendable  parts  must  Ix'  estin\ated 
(a  range  of  from  more  than  $1,000  to  less  than  $5,000  per  engine  per  year  is  possible 
for  first-line  engines  depending  on  the  engine)'  fVom  an  examination  of  BMS,  depot 
supply,  and  engine  manager  accounts.  This  total  base  cost  n>ay  not  be  as  large  as 
depot  costs  for  most  engines,  but  is  still  significant. 

An  effort  was  made  to  relate  base  coats  obtained  from  estimates  of  propulsion 
shop  manning  and  supply  expense  to  parameters  of  interest  in  order  to  obtain  a 
base  cost-estimating  relationship.  The  range  of  coats  obtained  are  shown  in  Table 
J.’IO.  The  maintenance  man-years  per  possessed  engine  ranged  fVom  one-half  to  one 
for  most  engines  in  the  inventory.  Supply  expense  varied  as  shown  in  the  table.  An 
average  value  was  then  used  in  generating  cost-estimating  relationships.  The  spi'- 

' For  inutancr,  tlw>  J7a-tilM7  on  tho  K-4K«t  Seymour  Johnson  AKB,  North  t'lirolino.  itHioiroit  ot>t>ut 
two  thirdii  niuintensnce  nmn-yeur  |>»i  (kumm'iwhI  enirne  on  the  h«m>,  ond  mipply  norouittit  iinhciito  nlmtU 
$l6tX)  (H>r  engine  per  yjnr  in  expendituroM  for  FY  1975. 
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cific  data  are  presented  in  Table  3.21.  The  results  in  Table  3.22  are  interesting  in 
indicating  explanatory  variables,  but  the  model,  due  to  the  nature  and  limitations 
of  the  data,  should  be  viewed  cautiously.  For  base  maintenance  costs,  MTBO  (the 
policy<determined  maximum  time  between  depot  overhaul)  was  most  aignifcant, 
entering  the  relationship  negatively.  Thus,  eflfbrts  to  extend  AlTBO  would  reduce 
base  costs,  since  periodic  scheduled  inspections  are  directly  related  to  MTBO  and 
are  a significant  portion  of  propulsion  shop  activity.  GPSPAN  entered  positively; 
the  longer  an  engine  is  in  operational  service,  the  more  costly  it  is  to  maintain  at 
the  base.  CPUSP  entered  positively;  the  more  expensive  the  engine,  the  r'ore  it 
costs  to  maintain  at  the  base.  It  therefore  appears  that  efforts  to  increase  MTBO 
(through  on-condition  maintenance  using  engine  health  monitoring  or  diagnostics 
systems)  and  decrease  the  engine  :)urcha8e  price  could  work  toward  lowering  base 
maintenance  cost.  As  discussed  previously,  production  learning  and  state-of-the-art 
effects  could  be  considered  to  be  included  indirectly  through  CPUSP.  Again,  it  must 
be  emphasised  that  this  model  represents  only  the  grossest  cost  estimate  for  the 
base.  An  improved  model  must  await  better  data  from  new  or  improved  base 
data-collection  systems  and  detailed  examination  of  base-level  data. 


Appendix  E 

SPARE  ENGINES  AND  OTHER  COSTS 


Spare  engines  add  appioximutely  25  to  50  percent  to  the  installed  engine  in- 
ventory in  tl\e  Air  Force.  Table  3.23  presents  a list  of  installed  and  spare  engines 
for  selected  systems.  These  engines  account  for  at  least  20  percent  of  the  total 
procurement  cost  of  engines  for  a weapon  .system.  They  also  have  the  effect  of 
diluting  the  number  of  expected  flying  hours  per  engine  over  the  life  cycle.  Thus, 
an  engine  designed  and  purchased  with  the  expectation  of  operating  for  5000  flying 
hours  within  a specified  time  period  will  probably  fly  only  around  4000  hours  during 
this  period,  on  the  average,  if  the  engine  has  a 25  percent  spares  ratio.  The  spares 
ratio  appears  to  be  application-oriented  in  that,  ns  can  be  noted  iVom  Table  3.23, 
the  lower  percentages  appear  to  apply  primarily  to  subsonic  transport  and  bomber 
aircraft  while  the  higher  percentages  pertain  more  to  supersonic  applications.  The 
cost  of  spare  engines  can  be  handled  directly  when  computing  the  total  cost  for  a 
quantity  of  engines  procured  during  a weapon  system's  lifetime,  as  discussed  in  a 
previous  section  of  this  report.  Spare  engines  bought  during  the  same  period  as  the 
installed  engines  should  have  the  same  progi'ess  slope  applied,  and  indeed,  should 
help  in  reducing  the  cost  of  future  engines.  The  spares  merely  add  to  the  quantit.\’ 
of'  installed  engines  to  be  bought.  But  how  many  spare  engines  do  you  buy'? 

There  is  a specific  computation  to  obtain  the  number  of  spare  engines  required 
for  a weapon  system.*  On  the  basis  of  factors  such  as  programmed  flying  hours, 
number  of  installed  engines  on  the  aircraft,  number  and  location  of  operating  b-ises. 
and  where  certain  repairs  of  the  engine  are  to  be  made,  a requirement  is  estab- 
lished for  a specific  number  of  spare  engines  at  a given  base  and  the  engines 
required  to  fill  the  pipeline  between  the  base  and  the  depot.  Specific  numbers  of 
days  are  estimated  for  the  lime  it  will  take  a base  to  turn  an  engine  around  at  a 
base  and  a depot  to  process  an  engine  at  over’naul.  The  spare  engines  serve  as 
replacements  for  failed  engines  that  are  removed  for  repair.  A fill-rate  objective  is 
specified  in  terms  of  the  ability  to  meet  the  demand  for  a spare  engine.  If  the 
demand  cannot  be  met,  it  is  called  a hack  order,  which  is  defined  as  an  aircraft 
requiring  civ  engine.  With  the  fill  rate  and  a certain  number  of  spares  at  a base,  an 
expected  effectiveness  rate  can  be  calculated — that  is,  the  rate  at  which  aircraft 
have  their  spare  engine  requirements  satisfied  and  again  become  operational.  A 
confidence  level  is  also  aiisociated  with  this  process.  For  combat  aircraft,  the  confi- 
dence level  is  required  to  be  90  percent.  Spare  engine  requirements  are  estimated 
on  the  basis  of  the  minimum  quantity  of  engines  essential  to  support  the  pro- 
grammed peacetime  or  wartime  engine  operation,  whichever  is  gi'eater.  Since 
wartime  f'j  mg  is  usually  programmed  at  a higher  rate,  it  is  to  be  assumed  that  the 
spares  are  applicab'  ' to  the  wartime  posture.  Thus,  spare  engines  are  intended  to 

' TIu'  stiindard  computation  procedure  is  DoD'  42;10.4.  .Shmdnnt  .VfcttUKl  for  (’oin  nipu tntion  o/'.S/sirv 
Aitrrtift  Kn^'ific  PrtH-im-iiicnt  /{c(}ui(vriicn(s.  The  Systems  and  Resouives  ManaKen^ent  Advisory  (iroup 
also  studied  the  spare  ennine  situation  and  rt'comnu>nde<t  reexamination  ol'stwre  engine  piiH'urement 
witli  the  idea  that  the  Air  Force  might  Ih?  able  to  retfuce  stwre  engine  procurement  without  degrading 
contbat  support  capability. 
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reflect  wartime  requirmenta  in  terms  of  a fill-rate  objective  and  eiTectiveness  rate 
at  some  confidence  level.  Usually,  more  spare  engines  are  purchased  early  in  a new 
weapon-system  program,  and  then  phased  down  to  the  computed  requirement  as 
experience  is  gained.  But  the  computed  wartime  requirement  could  stilt  be  higher 
than  is  necessary,  particularly  if  appropriate  consideration  is  given  to  attrition  and 
duration  of  the  conflict. 

Current  planning  estimates  by  which  spares  are  computed  indicate  that  en- 
gines should  be  turned  around  at  a base  in  about  7 to  10  days  and  overhauled  in 
about  30  to  40  days;  but  current  experience  indicates  that  it  takes  anywhere  fVom 
2 to  21  days  to  turn  an  engine  around  at  a base,  and  a’tywhere  fhom  27  to  114  days 
to  process  an  engine  through  overhaul.  Data  are  shown  in  Table  E.l  for  selected 
engines  going  through  overhaul  during  FY  1975.  The  basic  reasons  for  the  large 
delay  times  are  lack  of  parts  and  the  requirement  to  retest  engines  that  were  not 
able  to  pass  a check  run  at  the  end  of  the  overhaul  process.  The  additional  delays 
these  engines  encountered  at  the  depot,  where  some  engines  took  two  to  three 


Table  E.l 

Dkpot  Flow  Tims,  FY  1975 


Bnaiiw 

SUndKrd 

Days 

Actual 

Days 

Cauaa 
of  Delay 

% Delays 
Due  to  Cause 

J67-19 

38 

114 

rajacte 

82 

•21 

38 

70 

rejects 

72 

-23 

38 

— 

-29 

38 

94 

rejects 

71 

•43 

38 

44 

•66 

60 

68 

•67 

36/46 

— 

476-17 

40 

90 

parts 

60 

•19 

40 

89 

parts 

89 

•19W 

40 

73 

parts 

89 

479-11 

60 

— 

•16/16A 

32 

29 

32 

32 

•17/17AOC 

32 

67 

parts 

06 

SA 

32 

27 

TF30-P-3 

36 

92 

parts 

73 

-P-7 

36 

66 

parts 

82 

-P-9 

36 

33 

•MOO 

36 

66 

pa.'ts 

82 

TPS3-P-8 

40 

— 

■P-6 

40 

— 

-P-7A 

40 

49 

parts; 

.36 

rejects 

49 

•P-9 

40 

— 

•PlOO 

40 

87 

parts 

88 

TP39-QS-1/1A 

40 

66 

TP41-A1 

36 

46 

parts 

76 

•A-2 

36 

62 

parts 

68 
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times  the  standard,  suggest  that  more  spare  engines  would  be  required  in  tl- 
system  in  order  that  engines  be  available  at  bases  for  the  we  tpon  system  to  main- 
tain its  operational  status.  For  these  engine'.,  delays  were  evidently  tolerated  by 
the  users,  who  were  evidently  stUl  meeting  peacetime  flying  requirements  for  the 
most  part.  It  could  be  concluded,  then,  that  a wartime  spares  posture  in  peacetime 
operation  allows  considerable  slack  in  the  system,  permitting  the  system  to  relax 
and  perhaps  even  to  buy  fewer  spare  parti  if  there  is  a budget  problem.*  The 
original  wartime  spare  engine  requirement  evidently  maintains  the  system  in  a 
spares-rich  situation  in  peacetime.  Thus,  an  analysis  of  spare  engine  requirements 
must  deal  with  a wartime  scenario  as  well  as  peacetime  flying,  not  only  on  the  basis 
of  the  flying  hour  program,  but  also  on  the  ability  of  the  support  system  to  respond 
by  providing  engines  in  time  periods  considered  more  reaso.vr.bly  close  to  the 
standard.  In  a wartime  situation,  the  question  is  whether  the  o^pot  can  provide 
engines  within  the  SOnlay  standak-d  used  for  computation.  A further  question  is 
whether,  in  a wartime  scenario,  the  effect  of  attrition  will  t'ind  to  lower  the  number 
of  spare  engines  required.* 

There  would  appear  to  be  a tradeoff  between  whole  spare  engines  and  spare 
parts  stockage  necessary  at  base  and  depot  to  minimize  cost  and  time  delays  for 
mfcj'il-wkiance  performed.  One  j^roblem  is  that  many  support  decisions  are  made 
early  in  the  development  of  a new  engine,  prior  to  flight  testing  and  operational  use. 
Paper  estimates  are  used  in  determining  some  of  these  support  requirements. 
When  flight  testing  and  operational  use  indicate  different  problems,  i.e.,  different 
failure  modes  for  ‘his  particular  engine  as  opposed  to  similar  engines  of  the  past, 
it  is  by  this  time  very  difficult  and  expensive  to  change  the  support  posture.  An 
additional  cost,  or  lack  of  benefit,  is  the  time  an  engine  is  out  of  commission  for 
repail's  and  requires  a spare  engine  to  replace  it  in  the  weapon  system.  If  this 
out-of-commission  rate  could  be  reduced,  spare  engine  requirements  could  be  re- 
duced and.  perhaps  even  more  important,  the  availability  of  the  weapon  system 
could  be  increased.  And  if  an  engine  could  be  turned  around  faster  at  a base  or 
through  the  depot  pipeline,  spare  engine  requirements  could  be  reduced.  The  depot 
repair  cycle  is  the  longest  period  of  time  that  an  engine  would  be  expected  to  be 
out  of  commission. 

This  area  of  spare  engine  requirements  appears  to  be  fruitful  for  research. 
What  is  the  real  requirement  for  wartime  spares?  How  many  engines  are  required 
and  what  level  of  protection  do  these  engines  furnish  if  attrition  is  considered? 
What  actions  can  be  taken  in  a wartime  contingency  to  alleviate  any  shortage  in 
the  early  days— for  instance,  in  the  short  term  extending  periodics  and  delaying 
MTBO  removals,  while  in  the  long  term  procuring  more  parts  and  spare  engines 
and  allowing  work  force  overtime  at  the  base  and  depot?  The  NRTS  policy  (Not 
Reparable  This  Station)  ahould  also  be  examined  critically  in  the  early  stages  of 
engine  design.  The  NRTS  policy  is  basically  an  agreement  between  the  base  and 
the  depot  concerning  the  level  of  repair  activity  each  will  accomplish  for  a particu- 
lar engine  program.  In  some  instances,  this  policy  can  work  counter  to  the  produc- 
tive, efficient  use  of  engines.  For  instance,  if  a base  is  short  of  a part  and  is  not  going 
to  get  it  for  some  time,  the  base  may  simply  decide  to  ship  the  engine  to  the  depot 

• Note  the  fluctuation  in  SSSF  and  BP1600  i\indg  for  these  engine  families,  presented  in  App,  O. 

‘ A current  study  in  Rand's  logistics  program  suggests  that  it  will.  A dynamic  transition  and  wartime 
scenario  provided  different  results  (Vom  those  in  an  assumed  steady-state  situation. 
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in  exchange  fbr  a reAirbished  engine,  even  though  the  depot  may  also  be  short  of 
that  part.  In  that  case,  the  engine  will  have  to  sit  at  the  depot,  and  when  it  does 
get  the  part,  it  may  then  have  to  go  through  overhaul  earlier  than  if  it  had  not  been 
shipped  from  the  base. 

Commercial  data  indicate  that  the  airlines  use  fewer  spores— on  the  order  of 
half  the  spares  that  the  military  use  for  a comparable  application.  Table  E.2 
presents  selected  commercial  data  taken  from  Ref  6.  Data  also  indicate  that  the 
airlines  process  their  engines  through  the  shop  much  faster.  The  airlines  know  they 
are  tying  up  valuable  assets  when  their  engines  are  going  through  the  shop,  and 
therefore  make  every  attempt  to  get  them  out  within  15  to  30  days.  In  fact,  for  the 
high-bypass  engines,  they  strive  for  a two-week  turnaround.  The  modular  design 
of  these  engines  speeds  up  the  process,  because  work  cun  often  be  confined  to  only 
those  modules  needing  repair. 


Table  E.2 


CoMMKRCiAi.  Jet  Enuine  Inventory 


All  Airlinea 

Uitited 

American 

TWA 

ln«tall« 

77.34 

1203 

823 

901 

Sparc* 

1044 

163 

120 

99 

Total 

8778 

1356 

943 

1000 

SOURCES:  For  all  airiines:  inatalla  from  CVrOyfed  Koutr 
and  Supplemental  Air  Carrier  Fleet  lnt>entory  on  June  / 9 
CAB,  September  12,  1976; spares  estimated  at  13.5%  based 
on  composite  of  United  and  American  actuals.  United  Air- 
lines, Aircraft  and  Engine  Inventory  as  of  August  2~,  1.975,' 
includes  5C  installs  from  two  other  airlinee  m per  pool  arrange- 
ment. American  Airlines,  Aircraft  and  Engine  Inventory  as  ot 
August  I,  1975.  For  TWA,  installs:  CAB  report  cited  above ; 
sparen:  TWA  estimate  for  engines  and  modules  as  of  Julv  11 , 
1975. 

Table  is  taken  directly  from  Ref,  8. 


In  the  case  of  military  engines,  which  are  currently  taking  two  to  four  times 
longer  than  expected,  either  more  spare  engines  nutst  be  in  the  pipeline  (.the  situa- 
tion is  spares-rich  for  peacetime  operation)  or  aircraft  must  be  down  because  of  the 
lack  of  engines  (which  does  lOt  seem  to  occur).  In  either  situation,  the  weapon 
system  incurs  an  additional  cost  related  to  the  additional  pipeline  time.  A questirn 
the  logistics  planner  may  wish  to  consider  in  that  situation  is  whether  it  would  be 
beneficial  to  buy  more  spare  parts  that  are  in  short  supply  to  reduce  the  pipeline 
time,  thus  not  requiring  as  many  spare  engines  and  not  having  aircraft  down  for 
the  lack  of  an  engine.  (To  estimate  the  cost  of  aircraft  downtime,  one  approach 
would  be  to  take  the  total  life-cycle  cost  for  a weapon  system  and  divide  by  the  total 
number  of  days  the  system  will  be  operational  in  its  life  cycle.) 

i\s  a possible  way  to  speed  the  pipeline,  the  Air  Force  should  review  the  deci- 
sion ' ules  applicrble  to  testing  engines  at  the  depot  to  affirm  that  they  nieet  original 
sp .reifications.  Perhaps  the  specs  could  be  relaxed  for  older  engines  that  have  been 


91 


co»\pU'tt‘ly  overhaultnl.  Tht>  risk  is  tht»se  t'nninos  may  oml  up  boinjt  rutui  nwl  to  the 
depot  witli  fewer  flyinjt  hours  accumulateii  at  their  next  visit.  That  risk  would  have 
to  Ih>  weii^heii  aKoinst  the  cost  of  delay,  the  cost  of  spare  engines,  and  the  cost  of 
aircrall  downtime.  Another  possibility  is  to  desi^rn  more  temperature  margin  into 
the  engine  during  development,  MlL-StHlTD  appeal's  to  be  heading  in  that  direction. 

Spare  parts  shortages  may  be  due  to  st‘\eral  possibilities:  tl)  The  engine  is  less 
reliable  than  anticipated,  and  not  enough  spare  parts  were  prtH'ured.  (21  Budget 
constraints  forced  a reduction  in  spare  parts  procurement  for  a given  year.  (See 
BBlStXl  funding  for  three  recent  fiscal  years.  In  KY  1974  it  was  considerably  lower 
than  in  FY  1972  or  FY  I97,'i,l  (21  Spare  parts  may  be  plentiful  at  the  depot,  but  they 
are  not  the  right  ones  because  a particular  component  has  been  nuniitied  and  the 
depot  is  waiting  for  the  modified  parts.  This  is  anotbe*'  reason  for  trying  to  deter- 
mine as  inan\  engine  reliability  problems  as  early  in  I lie  life  cycle  as  possible  so 
that  the  initial  operational  reliability  is  high,  the  entire  inventory  does  not  h.ave 
to  be  modified  Iwcause  of  a severe  problem,  and  large  quantities  of  parts  procured 
earlier  do  not  become  olvsolete. 

The  new  modular  design  engines,  such  as  the  FlOO  on  the  F-15  and  the  FlOl 
on  the  B-l.  are  intended  to  significantly  reduce  the  requirement  for  whole  spare 
engines.  The  objective  here  is  to  be  able  to  "swap  out"  modules  in  the  field  and 
repair  them  at  the  base  or  depot;  thus  spare  modules  are  req-.iired,  but  not  entire 
spare  engines.  This  should  help  to  reduce  the  co,st  of  the  inventory,  if  indeed  this 
practice  is  accomplished  and  "swapping  out"  turns  out  to  be  a reasonable  thing  lo 
do.  As  yet.  the  military  has  little  experience  with  this  procedure,  but  there  is  some 
commercial  experienc » indicating  that  it  is  valid,  TW.\  does  "swap  out”  modules 
for  the  BB-211  engine  on  the  l.-lOll  aircraft  at  their  maintenance  base  in  Los 
Angeles  rather  than  at  their  main  facility  in  Kansits  City, 

In  summary,  the  military  apparently  requires  25  to  5(t  p»'rcent  spare  tmgiiies 
in  their  inventory;  the  commeix'ial  airlines  appt'ar  lo  make  do  with  fewer  spares 
for  a comparable  application.  Fart  of  the  reason  for  this  has  to  do  with  the  depot 
pipeline  repair  time  previously  discussed:  Airlines  try  to  turn  comparable  engines 
around  within  15  to  30  days.  The  .\ir  Force  is  currently  having  difficulty  turning 
engines  annmd  in  45  to  90  days.  Besides  the  pitH'line  time  and  the  additional  spares 
needed  for  the  pipeline,  there  is  a requii'ement  that  there  be  additional  spares  at 
each  .Air  Foix'e  base  (from  6 to  12  spare  engines  are  u.stially  at  an  operating  baseL 
The  airlines  also  must  maintain  spare.s  at  bases,  but  their  stockage  policy  appears 
to  Ih'  much  lower.  The  Wartime  scenario  computation  requirement  appears  to  be 
the  driving  factor  resulting  in  a large  spare  engine  inventory  for  the  .Air  Force,  This 
area  appeal's  to  be  a fruitful  one  for  future  rest'a»'ch. 

The  cost  of  spare  engines  is  really  an  ownei'ship  cost.  They  are  needed  to 
support  the  usei's'  flying  program.  The.\  should  be  identified  .separately  in  any 
life-cycle  cost  pie.  For  early  planning  purposes,  the  cost  can  be  most  readily  ob- 
tained by  calculating  the  cost  of  total  prwurement  of  all  engines  for  a given  pro- 
gram and  then  separating  the  installed  and  spares  costs  in  proportion  to  the  num- 
ber of  units  purehased  for  each  purpose.  This  will  allow  whatever  learning  there 
is  in  production  to  be  applied  to  the  spare  engines  as  well  as  the  installed  engines. 
No  parametric  model  was  obtained  in  this  study  to  enable  an  early  planner  to 
piXHiict  the  appropriate  spai'es  ratio  for  a particular  application. 
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OTHER  COSTS 

Other  operatiiiK  and  support  costs  besides  de?H)t  and  bast'  maintenance  (and 
fuel  and  attrition)  contribute  to  the  total  life-cycle  t . st  of  an  engine.  They  include: 

1.  ECP  and  modification  costs 

2.  Transporation 

3.  AGE  and  tooling 

4.  Management 

5.  Training 

6.  Fuel 

7.  Attrition 

8.  Facilities 

The  CIP  includes  the  engineei  ing  design  and  testing  of  hardware  changes  for 
engines  in  operational  use.  The  costs  of  the  new  parts  are  a separate  procurement 
and  may  t>e  contained  in  the  weapon-system  BPllOt)  account  or  possibly  alsc*  in  the 
BP15()0  account.  Thus,  it  is  not  clear  what  modification  parts  costs  have  or  have  not 
been  adequately  captured.  It  would  appear  that  if  an  engine  is  forced  to  return  to 
the  depot  prior  to  an  overhaul,  then  modification  kit  parts  would  come  under 
BPIKX).  If,  on  the  other  hand,  the  engine  is  allowed  to  remain  in  the  field  until  it 
comes  back  to  the  depot  through  normal  processes,  either  by  failing  or  h\  reaching 
MTBO,  then  moilifications  to  be  incorporated  in  the  engine  at  the  depot  may  actual- 
ly have  been  purchased  under  the  BP  1500  investment  account.  Thus,  it  is  difficult 
to  truly  identify  costs  associated  with  modifications.  And  because  the  engine-relat- 
ed costs  in  BPllOO  are  not  currently  broken  out  of  tne  overall  weapon-system 
account,  it  is  a laborious  task  to  identify  the  BPlUK)  in  the  depot  atrount.  It  does 
appear  that  the  labor  installation  cost  is  captured  at  the  depot  within  the  H036B 
data  system,  and  at  the  base  by  the  propulsion  shop  people.  What  is  not  captured, 
or  at  least  fully  captured,  are  the  costs  of  the  new  parts.  It  is  recommended  *hat 
the  engine  manager  obtain  these  costs  in  the  future.  As  a convenience,  they  could 
probably  l>e  assessed  against  the  overall  cost  at  the  depot  (even  though  installed 
in  the  field),  since  the  cost  is  an  investment  cost  and  would  be  under  the  engine 
manager's  account,  and  therefore'  not  a cost  that  the  base  incui-s.  What  is  important 
is  to  keep  track  of  the  parts  and  maintain  the  identity  of  the  cost  for  those  ptcrts. 
In  additi(.a,  modifications  must  be  tracked,  not  only  through  AFLC  after  operation- 
al use.  but  also  right  from  the  beginning  at  the  SPO  as  soon  as  incnlifications  begin 
with  de''elopment  and  testing  and  initial  operational  experience.  Mod  kit  costs  for 
engines  should  be  obtained  by  the  year  purchased,  even  though  the  kits  are  not 
necessarily  installed  in  that  year.  The  main  thing  is  that  costs  are  included  and 
there  is  a consistent  procedure. 

With  regard  to  transportation,  daUi  indicate  that  the  cost  of  shipping  engines 
from  a base  to  a depot  and  back  will  not  exceed  1 to  2 pei-cent  of  the  depot  cost  for 
overhaul:  the  cost  therefore  reflects  significantly  less  than  1 percent  of  the  toUd 
life-cycle  cost.  An  engine  manager  should  still  be  alert  to  saving  costs  and  reducing 
shipping  time,  since  he  is  dealing  with  a very  valuable  asset. 

The  procurement  of  aerospace  ground  equipment  and  tooling,  and  the  recur- 
ring investment  in  parts  to  maintain  them,  are  currently  small  compared  with  the 
total  life-cycle  cost  of  the  weapon  system:  They  too  should  account  for  significantly 
less  than  1 percent  of  the  total  cost.  For  the  new  operational  F-15  wing  at  Umgley 
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Air  Foit'o  Biise,  for  in»U'.not*.  an  investment  of  $3.2  million  was  riHiuiitHi  for  the 
supporting  jiround  e<tuipment  and  tindinit  for  the  propulsion  shop,  whereas  the 
value  of  the  enifines  in  the  ',nventor\  for  that  wing  alone  will  exceed  $3tK)  million. 
If  engine  health  monitoring  systems  come  into  use  on  a wide  scale,  and  are  consid- 
ered pec'uliar  support  etjuipment.  this  factor  may  grow  for  futuiv  engines. 

The  management  of  technical  daia — the  paperwork  asscH'iateil  with  i hanges  to 
the  engine  and  maintaining  j-Mirts  inventory  at  the  hasi>s  and  at  the  depot— is  also 
sniall  relative  to  total  life-cycle  cost:  again,  significantly  less  than  1 percent. 

In  the  propulsion  shop,  moat  personnel  training  will  lie  on-the-job  training.  A 
graduate  of  an  engine  mechanic  school,  fresh  (Vom  Air  Force  basic  training  and 
assigned  to  his  first  base,  is  a 3-‘ievel  mechanic.  He  then  obtains  on-the-job  training 
and  experience  by  working  under  the  direction  of  5-  am  T-level  spiH'ialists.  and  is 
expected  to  bt'come  a 5-level  specialist  within  a year.  (.XIT  is  not  specifically  broken 
out  in  66-1.  A.11  entries  are  con.sidered  actual  work  whether  OJT  was  hapi»ening  or 
not.  In  terms  of  training  cost,  this  study  does  not  consider  initial  training  for 
tvplacement  of  attrition  due  to  manpower  turnover  in  the  Air  Force,  Turnover  can 
Ih‘  as  high  as  ^20  pel  cent  pt‘r  year,  and  this  training  cost  will  vary  from  w eapon 
system  to  weapon  system.  It  could  range  anywheiv  fi'om  5 to  15  percent  of  a weapon 
system's  total  cost  if  all  appixipriate  training  charges  aiv  levied  against  it.  This 
study  does  not  charge  these  training  costs  against  particular  weapon  systems. 

Fuel  cost  must  be  identified  separately.  It  is.  of coui'se,  highly  significant  to  the 
total  cost  of  the  weapon  system  and  dependent  upon  the  performance  parameteixi 
chosen  for  the  engine;  but  it  is  also  highly  dependent  ujHin  the  mission  profile  and 
use  of  the  weapon  system,  and  thus  must  be  identifietl  separat-'ly  and  not  lumped 
mil.  some  aggregate  engine  operating  and  maintenance  cost  at  a base, 

.Aircraft  attrition  also  should  be  identifieil  separately  l>ecavise  of  the  highly 
dependent  attrition  rate  concerning  weapon-system  configuration,  the  number  of 
engines  on  the  aircraft,  and  its  mission.  For  instance,  it  is  ex^iecteil  that  a single- 
engine aircraft  will  have  a higher  attrition  than  a twin-engine  aiivraft.  and  a fighter 
will  have  higher  attrition  than  a m ilti-engine  transport  aiivraft.  This  cost  n ust  also 
l>e  clearly  identified  separately. 

Facilities  costs  will  depend  strictly  on  the  system's  peculiar  needs  and  the 
availability  of  comparable  facilities  in  the  Air  Force.  tVcasionally.  new  facilities  are 
I'equired  to  replace'  those  becoming  obsolete;  but  new  systems  do  not  necesstirily 
requii-e  new  facilities.  The  cost  analyst  must  judge  whether  new  facilities  would 
have  been  bought  in  any  case,  regardless  of  the  weapon  system  using  them. 

When  all  of  the  above  costs  are  included  in  a total  weapon-system  life-cycle  ciwt 
analysis  (excluding  fuel  and  attrition,  and  initial  training  replacements  it  would 
appear  t'nat  they  currently  add  not  more  than  5 percent  to  all  costs  previously 
discussed.  In  other  words,  increasing  the  total  life-cycle  cost  for  an  engine  by  5 
percent  should  encompass  all  of  the  caats  identifie<I  here. 


BIBLIOGRAPHY 


Acquisition  Studies 

Alexander,  A.  J.,  Desifin  to  Price  from  the  Per.-ipective  of  the  United  States.  Franc*’, 
and  the  Soviet  Union,  The  Rand  Corporation,  P-4967,  February  1973. 

, and  d.  R.  Nelson,  Measurinn  Technolof^ical  Change:  Aircraft  Turbine  En- 

fiines.  The  Rand  Corporation,  R-1017-ARPA/PR,  May  1972. 

A Study  of  the  Aircraft  Enffine  Acquisition  Process,  prepared  by  the  Joint  AMC/ 
NMC/AFLC/AFSC  Commanders’  Panel  on  Aircraft  Engine  Acquisition,  Feb- 
ruary 5,  1971. 

Baumbusch,  G.  G.,  The  Irnpact  of  Required  Contractual  Clauses  on  System  Acquisi- 
tion Policies:  The  Case  of  Value  Engineering,  The  Rand  Corporation,  R-1722- 
PR,  September  1975. 

Boren,  H.  E.,  Jr„  A Computer  Model  for  Estimaiitifi  Development  and  Procurerr.ent 
Costs  of  Aircraft  (DAPCA-ni),TheRe,ndCovporatior\,  R-1854-PR,  March  1976. 

Campbell,  H.  G.,  Aerospace  Price  Indexes,The  Rand  Corporation,  11-506  PR,  Decem- 
ber 1970. 

Carter,  G.  A.,  Directed  Licensing:  An  Evaluation  of  a Proposed  Technique  for 
Reducing  the  Procurement  Cost  of  Aircraft,  The  Rand  Corporation,  R-1604- 
PR.  December  1974. 

Civil  Aviation  Research,  and  Development;  Policies,  Programs  and  Problems,  U.S. 
Govo*nment  Printing  Office,  Washington,  D.C.,  September  1972. 

Contractor  Warranties  and  Liabilities  in  Enpine  Development  and  Acquisition. 
Briefing  presented  by  ASD/AE  (Art  Boykin)  to  Hq  USAF  and  SAF  (I&L), 
March  2-3,  1976, 

Cost  Research  Report,  No.  HOB — Historical  and  Forecasted  Aeronautical  Cost 
Indices,  Cost  Analysis  Division,  Comptroller  ASD,  Wright-Patterson  AFB, 
Ohio,  1975. 

Estimatinp  Relationships  for  Predicting  Aircraft  Turbine  Enpine  Development 
Costs.  Vol.  I,  Report  No.  N ADC-731 17-50,  Final  Report  AIRTASK  A5365360/ 
2182/1501  663101  (prepared  by  J.  L.  Birkier)  Naval  Air  Developr.ient  Center, 
Warminster,  Pa.,  May  24,  1973. 

Glennan,  Thomas  K.,  Jr.,  Issues  in  the  Choice  of  Development  Policies,  The  Rand 
Corporation,  P-3153,  October  1965. 

, Mcfhudolopical  Problems  in  Evaluatinp  the  Effectwencss  of  Military  Aircraft 

Development,  The  Rand  Corporation,  P-3357,  May  1966, 

Harman,  A.  J.,  Analysis  of  Aircraft  Development,  The  Rand  Corporation,  P-4976, 
March  1973. 

, Choice  Amonp  Stratepics  for  Sysdem  Acquisition.  The  Rand  Corporation, 

P-4794,  March  1972. 

The  Importance  of  Testinp  and  Evalutior  in  the  Acquisition  Process  for  Major 
Weapon  Systems,  Comptroller  Gene’  .1  of  the  United  States,  Report  to  the 
Congress,  B-163068,  August  7,  1972. 

The  Independent  Research  and  Development  Propram,  A Review  of  IR&D,  as 
reported  to  the  IR&D  Policy  Council  by  the  DoD  Working  Group  on  Nature, 


96 


Objectives  and  Effects  of  the  Independent  Research  and  Development  Pro- 
gram, Office  of  the  Director  of  Defense  Research  and  Engineering,  June  1974. 

Klein,  B.  H.,  W.  H.  Meckling,  and  E.  G.  Mesthene,  Military  Research  and  Develop- 
ment Policies,  The  Rand  Corporation,  R-333-PR,  December  1958. 

Koepnick,  E.  G.,  and  C.  M.  High,  An  Overview  of  New  Concepts  for  Engine  Develop- 
ment Process,  AlAA  Paper  No.  75-1286,  AIAA/SAE  11th  Propulsion  Confer- 
ence, Anaheim,  Calif,  September  29-October  1,  1975. 

Kruse,  W.  K.,  DoD  Aircraft  Engine  Requirements  Study,  Final  Report,  AD  745396, 
U.S.  Army  Logistics  > magement  Center,  Fort  Lee,  Va.,  March  1972. 

Large,  J.  P.,  K.  J.  Hoffmayer,  and  F.  S.  Kontrovich,  Production  Rate  and  Produc- 
tion Cost,  The  Rand  Corporation,  R-1609-PAE,  December  1974. 

Lavallee,  W.,  The  Development  and  Procurement  of  Aircraft  Engines,  (CNA)  694- 
75,  Institute  for  Naval  Studies,  Center  for  Naval  Analyses,  Arlington,  Va.. 
May  8,  1875. 

McVeigh,  D.  R.,  Turbofan  Engine  Development,  1953-1960,  published  as  Vol.  IIA 
of  History  of  Wright  Air  Development  Center,  January-June  1959,  Historical 
Branch,  Office  of  Information,  Wright  Air  Development  Division,  January 
1960. 

Management  of  Engineering  Changes  During  Acquisition,  Report  of  AFSC/AFLC 
Ad  Hoc  Working  Group  for  Management  of  Engineering  Changes  During 
Acquisition,  Janui  ‘ y 197C. 

Management  Proposals,  Full  Text,  Book  II,  Systems  and  Resources  Management 
Action  Group,  Hq  USAF,  Washington,  D.C.,  January  1976. 

Margolis,  M.  A.,  Use  of  Cost-Estimating  Relationships  in  the  Airframe  Industry, 
The  Rand  Corporation,  P-3472,  October  1966. 

Marschak,  T.,  The  Role  of  Project  Histories  in  the  Study  of  R&D,  The  Rand  Cor- 
poration, P-2850,  January  1964. 

, T.  K.  Glennan,  Jr.,  and  R.  Summers,  Strategy  for  R&D:  Studies  in  the  Micro- 
economics of  Development,  Springer-Verlag,  New  York,  1967. 

Marshall,  A.  W.,  and  V7.  H.  Meckling,  Predictability  of  the  Costs,  Time,  and  Success 
of  Development,  The  Rand  Corporation,  P-1821,  October  1959  (revised  Decem- 
ber 1959). 

Matkins,  L.,  Concept  Paper  on  Lessons  Learned  from  Past  Engine  Acquisition 
Processes,  AFLC/MMP,  December  1974. 

Nelso*',  J.  R.,  Performance/Schedule/Cost  Tradeoffs  and  Risk  Analysis  for  the 
Acquisition  of  Aircraft  Tubine  Engines:  Applications  of  R-1288-PR  Methodol- 
ogy, The  Rand  Corporation,  R-1781-PR,  June  1975. 

, and  F.  S.  Timson,  Relating  Technology  to  Acquisition  Costs:  Aircraft  Turbine 

Engines,  The  Rand  Corporation,  R-1288-PR,  March  1974. 

Peck,  Merton  J.,  and  Frederic  M.  Scherer,  The  Weapons  Acquisition  Process:  An 
Economic  Analysis,  Harvard  University  Press,  Boston,  Mass.,  1962. 

Perry,  R.  L.,  A Prototype  Strategy  for  Aircraft  Development.  The  Rand  Corporation, 
RM-5597-1-PR,  July  1972. 

, The  Methography  of  Miliiaiy  R&D,  The  Rand  Corporation,  P-3356,  May 

1966. 

, et  al..  System  Acquisition  Experience,  The  Rand  Corporation,  RM-6072-PR, 

November  1969, 

, System  Acquisition  Siategies,  The  Rand  Corporation,  R-733-PR/ ARPA,  June 

1971. 


97 


Pinkel,  B.,  The  Impact  of  the  High  Development  Cost  of  Advanced  Flight  Propul- 
sion Systems  on  Development  Policy,  The  Rand  Corporation,  RM-4560-PR, 
October  1965. 

, and  J.  R.  Nelson,  A Critique  ofTurbine  Engine  Development  Polky,  The  Rand 

Corporation,  RM-6100/1-PR,  April  1970. 

Pi  •ess,  S.  J.,  and  A.  J.  Harman,  with  Appendix  by  M.  Nerlove  and  S.  J.  Press, 
Methodology  for  Subjective  Assessment  of  Technological  Advancement.  The 
Rand  Corpc^ration,  R-1375,  April  1975. 

Reinhart,  W.  A.,  Propulsion  Testing  from  the  Aircraft  Manufacturers'  Point  of 
View,  presented  at  National  Air  Transportation  Meeting,  Atlanta,  Ga.,  No. 
710450,  SAE,  Inc.,  New  York,  1971. 

Report  of  the  Procurement  Management  Revv  - j of  Aircraft  Gas  Turbine  Engine 
Acquisition  and  Logistics  Support.  Hq  USAF,  Washington,  D.C.,  February 
1976. 

Report  of  the  USAF  Scientific  Advisory  Board  Ad  Hoc  Committee  on  Engine  Devel- 
opment, Scientific  Advisory  Board,  United  States  Air  Force,  August  1973. 

Report  of  the  USAF  Scientific  Advisory  Board  Ad  Hoc  Committee  on  Gas  Turbine 
Technology,  Scientific  Advisory  Board,  United  States  Air  Force,  January 
1976. 

Report  to  the  Congress:  Application  of  "Should  Cost”  Concepts  in  Rcvi.ws  of  Con- 
tractors’ Operations,  Comptroller  General  of  the  United  States,  B-159896,  Feb- 
ruary 1971.  , 

Research  and  Development  in  the  Department  of  Defense — A Management  Over- 
view, Office  of  the  Director  of  Defense  Research  and  Engineering,  May  1974. 

Resources  Management,  Management  Guide,  Idea  Bank,  Productivity  Tips,  Book 
III,  Systems  and  Resouces  Management  Action  Group,  Hq  USAF,  Washing- 
ton, D.C.,  January  1976. 

Rummel,  K.  G.,  and  R.  B.  Aronson,  The  Costs/ Reliability  Relationships  of  the 
Development  Testing  and  Demonstration,  National  Air  Transportation  Meet- 
ing, Atlanta,  Ga.,  May  10-13,  1971,  No.  710452,  SAE,  Inc.,  New  York,  1971. 

Schairer,  G.  S.,  The  Role  of  Competition  in  Aeronautics,  The  Boeing  Company,  the 
Wilbur  and  Orville  Wright  Memorial  Lecture  of  the  Royal  Aeronautical  Soci- 
ety, London,  England,  December  1968. 

Scherer,  F.  M.,  The  Weapons  Acquisition  Process:  Economic  Incentives,  Harvard 
University  Press,  Boston,  Mass.,  1964. 

Seely,  G.  H.,  and  M.  A.  Stibich,  Turbine  Engine  Technology  and  Cost,  presented  at 
National  Air  Transportation  Meeting,  New  York,  April  20-23,  1970,  No, 
700270,  SAE,  Inc.,  New  York,  1970. 

Sens,  W.  H.,  and  R.  M.  Meyer,  Military/Commercial  Aircraft  Propulsion  Relation- 
ships, presented  at  National  Air  Transportation  Meeting,  New  York,  April 
20-23,  1970,  No.  700268,  SAE,  New  York,  1970. 

Simpson,  E.  C.,  Scar  Tissue  and  Aircraft  Propulsion  Development,  ASD/SMPO, 
Wright-Patterson  Air  Force  Base,  Ohio,  October  26,  1971. 

Summao*  of  the  Report  of  thi  Commission  on  Government  Procurement,  U.S. 
Government  Printing  Office,  Washington,  D.C.,  December  1972. 

Systems  and  Resources  Management  Proposals,  Idea  and  Proposal,  Book  I,  Systems 
and  Resources  Management  Action  Group,  Hq  USAF,  Washington.  D.C  Jan- 
uary 1976. 


98 


United  States  Senate,  Hearinfjs  before  IheUonnnittee  on  Armed  Services.  Wcopons 
Sysfcrns  Acquisition  Process.  Decembt‘r  1971. 

Zscliau.  K.V.W.,  Project  Model  I i it  ff:  A Technique  for  Kstimalinq  TiincCostPcrfor 
rnunce  Trude-Offs  in  System  Development  Projects,  The  Rand  Corporation. 
RM-5304-PR.  July  1969. 


Ownership  Studies 

Aircraft  ,Jet  Eiifiinc  Overhaul  Component  Exchanqi  and  Repair  P'Ofiram,  Sum- 
mary Report  of  Audit,  (57074).  Air  Force  Audit  Agency.  Htj  USAK,  Marcli  26, 

1975. 

Airciaft  Operatiiif’  Cost  and  Performance  Report,  for  Calendar  Years  1972  ami 
1973,  Vol.  VIll.  Civil  Aeronautics  Board.  June  1974. 

.Aircraft  PeriiKiic  Depot  Revel  Maintenance  Study,  Ceotvr  for  Naval  .\nalyses.  t'N’S 
1025,  Arlington,  Va.,  November  1974  (For  Official  Use  Only). 

ARINC  Research  Corporation,  A Study  of  the  Air  Force  det  Kiq’inc  Maintenance 
Program,  Publication  930-0 1-1- 1054,  prepared  for  Director  of  Maintenance 
Kngineering.  Hq  liSAF.  May  30,  1970. 

Binkin,  Martin,  Support  (\),s(s  in  the  Dejense  Rudqet,  t he  Suhmerf>cd  One-Tfued, 
a Stafl’  Paper,  The  Brookings  Institution,  Washington.  D.C.,  ivd. 

Brady,  J.  F.,  et  ah.  An  Examination  of  the  Current  I’nited  States  Air  Force  Aircraft 
Knfiine  Status  Repor/ing  System,  AD-750  910,  Air  Force  Institute  of  Tc'cbnol- 
ogy,  Wright-Patterson  Air  Force  Base,  Ohio.  September  1972.  (Distributed  by 
NTIS,  U.S.  Department  of  Commerce.) 

Browning.  T.  II.,  J.  Y.  Lu.  and  I.  K.  Cohen,  Costs  of  the  Sext  Due  Hase-I.evcl 
Inspection  During;  a Depot  Visif,  The  Rand  Corporation,  R-1865-PR,  March 

1976. 

Dade,  Marsha,  Examples  of  Aircraft  Scheduled-Maintcnance  Analysis  Prohlems. 
The  Rand  Corporation,  R-1299-PR.  Decembei'  1973. 

Donaldson,  T.  E.,  and  E.  C.  Poggio,  /X'pof  Inspection  and  Reptiir  Capacity:  Cnitpie 
or  Redundant fT\w  Rand  Corporation.  R-150.3-PR.  November  1974. 

Ellis.  R.  M.,  Turbine  Engine  /.e.gisfie  .Snpporf.  Tc'cnnical  Memorandum  ENJZ-’l'M- 
73-12,  Integration  and  Support  Division,  Directorate  of  Propulsion  and  Power 
En.gineering.  Aeronautical  Systems  Division,  Wiight-Pattersor.  Air  Force 
Base,  Ohio,  June  1973. 

Factors  that  Affect  Operational  Reliability  of  Turbojet  Engines,  National  Aeronau- 
tics and  Space  Admir.iatration  Technical  Report  R-54,  by  Lewis  Center  Statf, 
1960 

Fiorello,  M.  R.,  and  P.  Konoske-Dey.  An  .Appraisal  of  Lopislics  Support  Co.st.s  Vsed 
in  the  Air  Force  IROS  /Vogroni.The  Rand  Corporation.  R-1569-PR.  February 
1975. 

(u*net,  R.  M.,  Reducing  the  Opeiatinp  and  Support  Costs  of  In-Inventory  Air  Force 
Aircraft,  rough  drall.  February  16,  1976  (no  identifying  affiliation). 

Johnson,  W.  L.,  and  R.  E.  Reel,  Maintainability  Reliability  Impact  on  Sysfem 
Support  Cosfs,  Technical  Report  AFFDL-TR-73-lfi2.  Air  Force  Flight  Dynam- 
ics Uiboratory,  AFSC.  Wright -Patterren  Air  Force  Base.  Ohio,  December 
1973. 


99 


Kamins,  Milton,  Jet  Fighter  Accident/ Attrition  Rates  in  Peacetime:  An  Application 
of  Reliability  Growth  Modeliing,The  Rand  Corporation,  RM-5563-PR,  March 
1968. 

, Quick  Fix:  Reducing  Aircraft  Inspection  Redundancy  Between  Base  and 

Depot,  The  Rand  Corporation,  R-1177-PR.  April  1973. 

Katcher,  M.  J.,  Commercial  Airline  Maintenance,  A Study  from  1 August  1971  to 
15  May  1972,  NAVAIRSYSCOMHQ,  Washington,  D.C.,  June  23,  1972. 

Lavalle,  W.,  and  J.  SchifFer,  U.S.  Air  Force  Aircraft  Engine  Management,  Institute 
for  Naval  Studies,  Center  for  Naval  Analyses,  Arlington,  Va.,  May  22,  1975. 

Mclntire,  W.  L.,  Cost  of  Ownership  for  Propulsion  System  of  Powered  Lift  Aircraft, 
presented  at  AGARD  42d  meeting.  Propulsion  and  Energetics  Panel  on  V/ 
STOL  Propulsion  Systems  at  Schliersee,  Germany,  July  1973  and  September 
17-21,  1973. 

Management  Summary  of  Actuarial  Data,  Oklahoma  City  ALC  Prime  Engines, 
December  31,  1975. 

Mooz,  W.  E.,  A Second  Look  at  Relationships  for  Estimating  Peacetime  Aircraft 
Attrition,  The  Rand  Corporation,  R-1840-PR,  February  1976. 

Operating  and  Support  Cost  Estimate,^,  Aircraft  Systems  Cost  Devlopment  Guide, 
Defense  Systems  Acquisition  Review  Council,  May  1974  (prepared  by  the  Cost 
Analy  sis  Improvement  Group). 

Pabst,  B.  H.,  747  Operations — The  First  100  Days — Maintenance,  AIAA  Paper  No. 
70-890,  AIAA  2d  Aircraft  Design  and  Operations  Meeting,  Los  Angeles,  Calif, 
July  20-22,  1970. 

Paulson,  R.  M.,  and  A.  Zimmer,  An  Analysis  of  Methods  of  Base  Support:  Contractor 
Operations  Versus  Standard  Operations  at  Two  Undergraduate  Pilot  Train- 
ing Bases, 

The  Rand  Corporation,  R-1563-PR,  March  1975  (For  Official  Use  Only — Privileged 
Information). 

Paulson,  R.  M.,  R.  B.  Waina,  and  L.  H.  Zacks,  Using  Logistics  Models  in  System 
Design  and  Early  Support  Planning,  The  Rand  Corporation,  R-550-PR,  Febru- 
ary 1971. 

Productivity  of  Military  Below-Depot  Maintenance — Repairs  Less  Complex  than 
Provided  at  Depots — Can  Be  Improved,  Report  to  the  Congress  by  the  Comp- 
troller General  of  the  United  States.  LCD-75-422,  July  29,  1975. 

Sallee,  G.,  American  Airlines,  Economic  Effects  of  Propulsion  System  Technology 
on  Existing  and  Future  Transport  Aircraft,  prepared  for  National  Aeronau- 
tics and  Space  Administration,  July  .'974. 

Shishko,  R.,  Technological  Change  Through  Product  Improvement  in  Aircraft 
Turbine  Engines,  The  Rand  Corporation,  R-1061-PR,  May  1973. 

Summary.  Engine  Removals,  Oklahoma  City  ALC  Prime  Engines,  issued  quar- 
terly. 

TF41  ECP  Summary  Report,  Parts  I-IV,  General  Motors  Corporation,  Detroit  Die- 
sel Allison,  March  29,  1974. 

Turbojet/Turbofan  Aircraft  Operating  Cost  and  Performance  Trends,  Domestic 
Operations  of  Trunk  and  Local  Service  Carriers,  Calendar  1959-Fiscal  1973, 
2d  ed..  Civil  Aeronautics  Board,  April  1974. 

Wide-Bodied  Jet  Aircraft  Operating  Cost  and  Performance  Report,  U.S.  Certified 
Air  Carriers  1970-1974,  Vol.  19,  Civil  Aeronautics  Board,  May  1975. 


100 


Ufe  Cycle  Studtee 

At'quisition  iMfiistics  HandlnHtk  for  Deputy  Proffram  Managers  for  IjOgistu's,  pre- 
pared for  the  Deputy  Chief  of  Sta if/ Acquisition  Logistics  (AQ).  Hq  AKLC. 

Wright-Patterson  Air  Force  Base,  Ohio.  March  1976.  } 

Ain'raft  Gas  Thirbine  Engine  Acquisition  and  Logistics  Support,  Hq  USAF  Pro- 

cureti'.ent  Management  Review.  Department  of  Defense.  February  1976.  j 

Analysis  of  Available  Life  Cycle  Cost  Models  and  Actions  Required  (o  Increase  » 

Future  Model  Applications,  Joint  AFSC/ AFLC  Commanders'  Working  Group  j 

on  Life  Cycle  Cost,  ASD/ ACL.  Wright-Patterson  Air  Force  Base,  Ohio,  Decem- 
ber 1974. 

Casebook  Life  Cycle  Costing  in  Equipment  Procurement,  LCC-2.  Department  of 
Defense,  July  1970. 

Curry,  C.  E.,  Engine  Life  Cych  Cost  Modeling  in  the  Conceptual  Phase,  A1 AA  Paper 
No.  75-1288,  AIAA/SAE  11th  Propulsion  Conference,  Anaheim.  Calif.,  Sep- 
tember 29-October  1,  1976. 

Lkfense  Management  Journal,  Life  Cycle  Cost,  Vol.  12,  No.  1,  Department  of  De- 
fense, January  1976. 

Ellis,  R.  M..  Influence  of  Turbine  Engine  Reliability  on  Life  Cycle  Cost,  Technical 
Men  orandum  ENJZ-TM-72-48,  Integration  and  Support  Div  ision..  Directorate 
of  Propulsion  and  Power  Engineering,  Aeronautical  Systems  Division, 

Wright-Patterson  Air  Force  Base,  Ohio.  November  1972. 

Fiorello,  M.  R.,  Estimating  Life-Cycle  Costs;  A Case  Study  of  the  A-7D,  The  Rand 
Corporation,  R-l8i8-PR,  February  1975. 

, Problems  in  Avionics  Life-Cycle  Anol.vsis,  The  Rand  Corporation,  P-6186, 

December  1973. 

Integrat‘d  Logistic  Support,  Implementation  Guide  for  Did)  Systems  and  Equip- 
ments, Integrated  Logistic  Support  Division.  Headquarters,  Naval  Material 
Command.  Washington,  D.C.,  March  1972. 

Lemnster,  R..  Life  Cycle  Cost  Reference  Library  Bibliography,  Joint  AFSC/ AFLC 
Commanders’  Working  Group  on  Life-Cycle  Cost.  ASD/ ACCL,  Wright-Patter- 
son Air  Force  Base,  Ohio,  August  1973.  ] 

Life  Cycle  Cost  Analysis  Guide,  Joint  AFSC/ AFLC  Commanders'  Working  Group  i 

on  Life<Jycle  Cost,  ASD/ ACL,  Wright-Patterson  Air  Force  Base.  Ohio.  j 

November  1976. 

Life  Cycle  Cost  Reference  Library  Bibliography,  Compiled  by  Angelina  Srofe,  Joint  j 

AFSC/ AFLC  Commanders'  Working  Group  on  Life  Cycle  Cost,  ASD/ ACL.  j 

Wright-Patterson  Air  Force  Base,  Ohio  46433,  April  1974.  \ 

Life  Cycle  Cost  Reference  Notebook,  AFSC/ AFLC  Commanders’  Working  Group  on  i 

Life  Cycle  Cwt.  ASD/ ACCL,  Wright-Patterson  Air  Force  Base.  Ohio,  August  | 

1973.  I 

Life  Cycle  Costing,  A Better  Way  to  Buy,  U.S.  Air  Force,  February  1974.  1 

Life  Cycle  Costing  Guide  for  System  A(X}Misitiun.s  (Interim),  Department  of  Defense.  i 

LCC-3.  January  1973.  * 

Life  Cycle  Costing  Procurement  Guide  (Interim),  LCC-l,  Department  of  Defens**,  ■ 

July  1970. 

Methods  of  Acquiring  ond  Maintaining  Aircraft  Engines,  Task  71-9,  prepitred  for 
the  Department  of  Defbnse  by  Logistics  Management  Institute,  Washington, 

D C..  June  1972. 


'^00^. 
I J 


101 


Nelson,  J.  R.,  P,  Konoske>Dey,  M.  R.  Fiorello,  J.  R.  Gebman,  G.  K.  Smith,  and  A. 
Sweetland,  A Wmpon-Syitem  Life-Cycle  Overview:  The  A-7D  Experience,  The 
Rand  Corporation,  R-1462-PR,  Octo^r  1974. 

Panella,  R.  F.,  Engine  Life  Cycle  Cost:  A Laboratory  View,  AIAA  Paper  No.  76-1287, 
AIAA/SAE  11th  Propulsion  Conference,  Anaheim,  Calif.,  September  29-C)cto- 
ber  1,  1975. 

Review  of  the  Application  of  Life  Cycle  Costing  to  the  ARC-XXX/ARC164  Pro- 
gram, Avionics  Program  Office,  Aeronautical  Systems  Division,  Wright-Pat- 
terson  Air  Force  Base,  Ohio,  August  1974. 

Reynolds,  Msgor  J.  F.,  Issues  end  Problems  in  Life  Cycle  Costing  in  DoD  Major 
Systems  Acquisition,  Study  Project  Report  PMC  74-2,  Defense  Systems  Man- 
agement School,  Program  Management  Course  Individual  Study  Program, 
Fort  Belvoir,  Va.,  n.d. 

Smith,  J.  W.,  DSARC  Tradeoff  Decisions  for  Aircraft,  Logiotics  Management  Insti- 
tute, Working  Note  (LiMI  7601-6),  Washington,  D.C.,  December  1975. 

Supplemental  Life  Cycle  Costing  Program  Management  Guidance,  Joint  AFSC/ 
AFLC  Commanders'  Working  Group  on  Life  Cycle  Cost,  ASD/ACL,  Wright- 
Patterson  Air  Force  Base,  Ohio,  March  1975. 

Ways  to  Make  Greater  Use  of  the  Life  Cycle  Costing  Acquisition  Technique  in  DoD, 
B-178214,  Report  to  the  Congress  by  the  Comptroller  General  of  the  United 
States,  May  21,  1873. 


Background  Sources  for  Technical  and  Economic  Issues 

The  Air  Force  Budget,  Office  of  the  Comptroller,  Department  of  *he  Air  Force, 
Washington,  D.C.,  February  1974. 

American  Defense  Policy,  Prepared  by  Associates  in  Political  Science,  United  States 
Air  Force  Academy,  The  Johns  Hopkins  Press,  Baltimore,  Md.,  1966. 

Arrow,  K.  J.,  Economic  Welfare  and  the  Allocation  of  Resources  for  /oDcntion,  The 
Rand  Corporation,  P-1866-RC,  December  16, 1969. 

, et  al.,  "Capital-Labor  Substitution  and  Economic  Efficiency,”  Rev.  Econ.  and 

Stat.,  Vol.  43,  No.  2,  August  1961. 

Ault,  G.  M.,  Current  Status  and  Opportunities  for  Improved  High-Temperature 
Materials  for  Advanced  Turbojet  Engines,  AIAA  Paper  No.  66-741,  AIAA/ 
RAeS/JSASS  Aircraft  Design  and  Technology  Meeting,  Los  Angeles,  Calif., 
November  16-18. 1966. 

Batchelder,  C.  A.,  H.  E.  Boren,  Jr.,  H.  G.  Campbell,  J.  A.  Dei  Rossi,  and  J.  P,  Large, 
An  Introduction  to  Equipment  Cost  Estimating,  The  Rand  Corporation,  RM- 
6103-SA,  December  1969. 

Black,  R.  E.,  and  J.  A.  Stem,  Advanced  Subsonic  Transports — A Challenge  for  the 
1990s,  AIAA  Paper  No.  76-304,  AIAA  11th  Annual  Meeting  and  Technical 
Display,  Washington,  D.C.,  February  24-26,  1975. 

Bowen,  E.  K.,  Mathematics  with  Applications  in  Management  and  Economics, 
Richard  D.  Irwin,  Inc.,  Homewo^,  111.,  1972. 

Clay,  C.  W.,  and  A.  Sigalla,  77ie  Shape  of  the  Future  Long-Haul  Transport  Air- 
plane, AIAA  Paper  76-305,  AIAA  11th  Annual  Meeting  and  Technical  Display, 
Washington,  D.C.,  February  24-26,  1976. 


102 


Cooper,  R.V.L.,  and  J.  P,  Newhouse,  Further  Results  on  the  Errors  in  the  Variables 
Problem.  The  Rand  Corporation,  P-4715,  October  197). 

, and  C.  R.  Roll,  Jr.,  The  Alhxxition  of  Military  Hesouri'es:  ImplUxitious  for 

Capital-Ixibor  Substitution,  The  Rand  Corporation.  P-5036-1.  May  1974. 

IX'fense  Manafiement.  S.  Enke  (ed.l,  Prentice-Hall,  Inc.,  filnglev  ood  Cliffs,  N.J.. 
1967. 

Dougherty,  J.  E.,  Jr..  Development  of  the  Initial  Maintenunee  Prof>ram  for  the 
Boeiufi  747,  AIAA  Paper  No.  70-689,  AlAA  2d  Aircraft  Design  and  Operations 
Meeting,  Los  Angeles,  Calif.,  July  20-22,  1970. 

The  Economies  of  Defense  Spendiufi:  A lAwk  of  the  Realities.  C.S.  Government 
Printing  Office,  Washington,  D.C..  July  1972.  Department  of  Defense  (Comp- 
troller). 

Feller,  W.,  An  Introduction  to  Probability  Theoiy  and  its  Application.i,  Vol.  1,  3d 
ed.,  John  Wiley  & Sons,  Nevv'  York.  1957. 

Ferguson,  C.  E.,  Microeconomic  Theory,  3d  ed.,  Richard  D.  Irwin,  Inc.,  Homewood, 
111.,  1972. 

Fisher,  G.  H.,  Cost  Considerations  in  Systems  Analysis,  The  Rand  Corporation, 
R-490-ASD.  December  1970. 

, The  Nature  of  Uncertainty,  The  Rand  Corporation.  P-5133.  November  1973. 

. Cost  Considerations  in  Policy  Analysis.  The  Rand  Corporation,  P-5534, 

November  1975. 

Glenny,  R.J.E..  A.B.P.  Beeton,  and  J.  F.  Barnes,  Sonic  Materials  and  C’oo/irig  Tech- 
niques Applicable  to  Air-Breathinfi  Engines  at  Hig/i  Flight  Speeds,  AIAA 
Paper  No.  56-743,  AIAA/RAeS/JSASS  Aircraft  Design  and  Technology  Meet- 
ing. Los  Angeles,  Calif,  November  15-18,  1965. 

Griliches  Z,.  "Notes  on  the  Measurement  of  Price  and  Quality  Changes."  in  Models 
of  Income  Determination,  Princeton  Univereity  Press  for  NBER,  1964. 

Harman,  A.  J.,  Measurement  of  Technological  Innovation  by  Firms,  The  Rand 
Corporation.  P-5496,  September  1975. 

Henderson,  J.  M..  and  R.  E.  Quandt,  Microeconomic  Theory,  A .Mathematical  Ap- 
proach. 2d  ed..  McGraw-Hill  Book  Company.  New  York.  1971. 

Hitch,  C.  J.,  and  R.  N.  McKean.  The  Economics  of  Defense  in  the  Nuclear  Age. 
Harvard  University  Pi-ess,  Cambridge,  Mass..  1960. 

Hogg,  R.  V..  and  A.  T.  Craig,  Introduction  to  Mathematical  Statistii-s,  2d  ed..  The 
Macmillan  Company,  New  York.  1965. 

Hosny,  A.  N..  Prxipulsion  Systems,  published  and  distributed  by  the  author.  Univer- 
sity of  South  Carolina  Engineering,  Columbia,  S.C..  1965. 

Jewkes,  J..  D.  Sawers,  and  R.  Stillerman,  The  Source  of  Invention,  St.  Martin’s 
Press,  New  York,  1959. 

Jorgenson,  D.  W.,  J.  J.  McCall,  and  R.  Radner.  Optimal  Replacement  Policy,  Studies 
in  Mathematical  and  Managerial  Economics,  Rand  McNallv  & Companv, 
Chicago.  1967. 

Jantsch,  Erich.  Technological  Planning  and  SiKial  Futures,  John  Wilev  & Sons, 
New  York,  1972. 

Loh.  W.H.T.,  Jet,  Rocket,  Nuclear,  Ion  and  Electric  Propulsion:  Theory  and  Design, 
Springer-Verlag,  New  York.  1968. 

Mansfield,  Edwin  (ed.).  Defense,  Science,  and  Public  Policy,  W.  W.  Norton  & Com- 
pany, Inc.,  New  York.  1968. 


103 


. Thi'  Evonomh's  of  Ti'vhnolofiH'al  VhantH',  W.  W.  Norton  & Company.  Inc,, 

Now  York.  1D68. 

. Industrial  Rrseaixh  and  Torhnolofjit'al  Innornlion,  W.  \V.  Norton  & Com- 
pany, Inc.,  Now  York,  1968. 

, .Vficrooronomic.s.-  Theory  and  App/icofion,  *lohn  Wiley  & Sons,  Now  York. 

1970:  2d  od.,  1975. 

Miller,  Ronald,  and  David  Sawoi's,  The  Techniail  Development  of  Mmiern  And- 
/ion,  Roullodjfo  & Koftan  Paul  Ltd,,  London,  1968. 

Afonop.sony.  A Fundamental  Ihvhlem  in  (kx’ornnicnt  Pn>rurement.  .Aerospace  In- 
dustries AascH'iated  oi  America,  Inc.,  Washington,  D.C.,  May  1973. 

Morris,  C,  N.,  and  J.  E.  Rolph,  Intnuiuetion  to  Statistics  and  Data  Analysis  u ith 

Computer  Applications  /.The  Rand  Corporation.  P-4695.  September  1971: 

-11.  The  Rand  Corporation,  P-4696,  Septeniher  1971. 

Nagel.  A,  L.,  and  W,  «I.  Alfoixl.  «Jr.,  Future  Long-/?ongc  Transports — Prospects  for 
Improveu  Fuel  F.fficiency.  AlAA  Paper  75-316,  .AIAA  1 1th  Annual  Meeting  and 
Technical  Display.  Washington.  D.C..  February  24-26.  1975, 

Nelson.  R,  R,  (ed.h  The  Rote  and  Direction  of  Inventive  Acfirify.  Princeton  I’niver- 
sity  Press,  1962. 

, and  S.  G.  Winter,  "Toward  an  Evolutionary  Theoi'y  of'  Economic  Capabili- 
ties," Anicr.  Kctm.  Rev.,  Papers  and  Prm'txdinfis,  1973a. 

Newhouse.  *J.  P.,  /,s  Collinearity  a Problem?  The  Rand  Corporation,  P-4588.  NLu’ch 
1971, 

Organization  f'or  Economic  Coviperation  and  Development.  The  Conditions  for  Sue- 
«x'.ss  in  Technological  /unoi’otion.  OECD,  Paris,  1971, 

Phillips.  Almarin,  Technolofiy  and  Market  Structure.  U^xington  Bo*)ks.  D.C.  Heath 
and  Company.  Lexington.  Mass..  1971. 

A Position  Paper  on  independent  Research  and  IX'velopment  and  Did  and  Proposal 
Efforts,  prepared  by  the  Tri-Association  Ad  Hoi'  Committee  on  IR&D  and  B&P 
under  the  auspices  of  the  Aerospace  Industries  Association  of  America.  Inc. 
(AIAh  Electronic  Industries  Association  lEIA),  and  National  Security  Indus- 
trial Association  tNSIA).  March  22,  19V4. 

Quade,  E.  S,  ted.).  Ano/ysis  for  Military  Decisions.T\\e  Rand  Corporation,  R-387-PR, 
Novembi'r  1964. 

. and  W.  I.  Boucher  teds.),  Sysfem.s  Analysis  and  I'o^'cy  Plan  n i ug;  Applii'ations 

in  I'kfense,  The  Rand  Corporation,  R-439-PR  tAbridged),  June  1968. 

Raifl'a.  H.,  Decision  Analysis,  Intnxiuctory  lAXtureson  Choiec.s  I'ndcr  Vneertainty. 
Addison-Wesley  Publishing  Company,  Inc.,  Reading,  Mass.,  1970. 

The  Role  of  Technolony  in  Commeivial  Aircraft  Policy  Formulation,  American 
Institute  of  Aeronautics  and  Astronautics.  New  York,  March  21.  1975  tAn 
AIAA  Workshop  Conference.  Bethesda,  Md.,  December  2-4.  1974). 

Schlaifer.  Robert,  and  S.  D.  Heron.  Development  of  Ainra ft  Engines  and  Fuels. 
Harvard  University  Press,  Cambridge.  Mass.,  1950. 

Schmookler,  Jacob.  Invention  and  Economic  ilroicth.  Harvard  Ihiiversity  Press, 
Cambridgt',  Mass.,  1966. 

Shapiro,  A.  H.,  The  Dynamics  and  ThernuHiynamics  of  Compressible  Fluid  FUnv, 
Vol.  1.  The  Ronald  Press  Company.  New  York,  1953, 

Shishko,  Robert,  Choosing  the  Discount  Rate  for  Defense  IM'cisionmakinp,  The 
Rand  Corporation.  R-1953-RC.  July  1976. 


104 


Strauch,  R.  E.,  The  Fallacy  of  Causal  Analysis,  The  Rand  Corporation,  P-4618, 
April  1971. 

Taylor,  J.W.R.,  ^Jane's  All  the  Worlds  Aircraft  (annual). 

Tihansky,  D.  P.,  "Confidence  Aaaesament  of  Military  Airframe  Coat  Predictions," 
Operations  Research,  Vol.  24,  No.  1,  January-February  1976,  pp.  26-43. 

Turbine  Engine  Airborne  Monitoring  System,  Specific  Item  Report  No.  P-017,  FB- 
111  Operational  Engineering  Section  (SAC),  Carswell  Air  Force  Base,  Texas, 
October  1969. 

Wallis,  W.  A.,  and  H.  V.  Roberts,  The  Nature  of  Statistics,  Collier  Books,  1962 
(published  by  arrangement  with  The  Free  Press  of  Glencoe,  Inc.). 

Wile,  G.  J.,  Materials  Considerations  for  Long  Life  Jet  Engines,  AIAA  Paper  No. 
65-744,  AIAA/RAeS/JSASS  Aircraft  Design  and  Technology  Meeting,  Los 
Angeles,  Calif.,  November  16-18, 1966. 

Wilkinson,  P.  H.,  Aircraft  Engines  of  the  World  1964/65,  rev.  ed.,  published  by  P. 
H.  Wilkinson,  Washington,  D.C.,  1966. 

Worsham,  J.  E.,  New  Turbofan  Engines — FlGl  and  TF34,  presented  at  National 
Aerospace  Engineering  and  Manufacturing  M3eting,  San  Diego,  Calif.,  Octo- 
ber 2-6,  1972,  No.  720841,  SAE,  Inc.,  New  York. 

Zucrow,  M.  J.,  Aircraft  and  Missile  Propulsion,  Vol.  2,  John  Wiley  & Sons,  Inc., 
New  York,  1968. 


Background  Sources  for  Organizational  and  Political  Issues 

Allison,  G.  T.,  Essence  of  Decision,  Explaining  the  Culan  Missile  Crisis,  Little, 
Brown  and  Co.,  Inc.,  Boston,  Mass.,  1971. 

Brewer,  G.  D.,  Politicians,  Bureaucrats,  and  the  Consultant,  Basic  Books,  me..  New 
York,  1973. 

Cyert,  R.  M.,  and  J.  G.  Mar.:h,  A Behavioral  Theory  of  the  Firm,  Prentice-Hall 
International  S^nes  in  Management  and  Behavioral  Scien-^es  in  Business 
Series,  Prentice-Hall,  Inc.,  Englewood  Cliffs,  N.J.,  1963. 

Fitzgerald,  A.  E.,  The  High  Priests  of  Waste,  W.  W.  Norton  & Company,  Inc.,  New 
York,  1972. 

Fitzhugh,  G.  W.,  Report  to  the  Iresident  and  ,*»«»  Secretary  of  Defense  on  the  Depart- 
ment of  Defense  by  the  Bine  Ribbon  Defense  Pjinel,  U.S.  Government  Printing 
Office,  July  1,  1970. 

Froman,  L.  A.,  Jr.,  Congressmen  and  Their  Constituencies,  Rand  McNally  & Com- 
pany, Chicago,  1963. 

Head,  R.  G.,  and  E.  J.  Rooke  (eds.),  American  Defense  Policy,  Johns  Hopkins  Uni- 
versity Press,  Baltimore,  Md.,  1973. 

Lindblom,  C.  E.,  The  Intelligence  o^  Democracy,  The  Free  Pres»,  New  York,  1966. 

McLaughlin,  M.  W.,  and  P.  Berman,  Macn>  a-ii  Micro  I oi pigmentation.  The  Rand 
Corporation,  P-6431,  May  197-6. 

March,  J.  G.,  and  Herbert  A.  Simon,  Organizations,  oohn  Wiley  & Sons,  Inc.,  New 
York,  1968. 

Mollenhoff,  C.  R.,  The  Pentagon,  C P.  Putnam’s  Sons,  New  York,  1967. 

Putnam,  W.  D.,  The  Evolution  of  Air  Force  System  Acquisition  Management,  The 
Rand  Corporation,  R-868-PR,  August  1972. 


105 


Sar^^esian,  S.  C.  (ed.),  The  Military  Industrial  Complex,  A Reassessment,  Sage 
Reaearch  Progress  Series  on  War,  Reso'ution.  and  Peacekeeping,  Vol.  H,  Sage 
Publications,  Inc.,  Beverly  Hills.  Calif,  1972. 

Schlesinger,  J.  R.,  Systems  Analysis  and  the  Political  J'nxvss,  The  Rand  Corpora- 
tion, P-3464,  June  1967. 

Simon,  H.  A.,  Administratiuc  Behavior,  A Study  of  Decisionnrjl  ing  Processes  in 
Administrative  Organization,  The  Free  Press,  New  York,  1966  (paperback 
edition). 

Stockfisch,  J.  A.,  Analyis  of  Bureaucratic  Behavior:  The  Ill-Defined  Production 
Process,  The  Rand  Corporation,  P-5691,  January  1976. 

, Plowshares  into  Swords:  Managing  the  American  Defense  Euiablishment, 

Mason  & Lipscomb,  New  York,  1973. 

Thompson,  J.D.,  Organizations  in  Action,  McGraw-Hill  Book  Company,  New  York, 
1967. 

Wildavsky,  A.,  The  Politics  of  the  Budgetary  Process,  Little,  Brown  and  Co.,  Inc., 
Boston,  M iss.,  1964. 


Regulations  and  Directives 

Aeronautical  Systems  Division  (AFSC),  Compo.ncnf  Improvement  Program,  ASDR 
27-3,  March  6,  1976. 

, Engine  Advisory  Group,  ASDR  80-12,  April  11,  1972. 

, Propulsion  Review  Board,  ASDR  80-X  (Draft),  March  22,  1974. 

Air  Force  Logistics  Command,  Engine  Component  Improvement  Program,  AFLCR 
80-8,  June  22,  1973. 

, Production  Leadtime  Acquisition,  AFLCR  84-4,  March  14,  1974. 

, Recoverable  Inventory  Control  Using  Mod-Metric,  AFLCP  57-13,  February 

28,  1974. 

0MB  Circular  A-109,  Mqjor  System  Acquisitions,  April  5,  1976. 

U.S.  Air  Force,  Acquisition  Management:  Life  Cycle  Cost/Design  to  Cost  Implemen- 
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U.S.  Department  of  Defense,  Armed  Services  Procurement  Regulation  (ASPR), 
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, Design  to  Cost,  DODD  5(X)0.28,  May  23,  1975. 

, Engines,  Aircraft,  Turbojet  and  Turbofan,  General  ■Specification  for.  Military 
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Teat  For,  MIL-E-6009D,  November  13,  1967. 
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